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Dy ... ABSTRACT

A COMPARATIVE. STUDY OF SHOCK I1SOLAT 10N
SYSTEMS HAVINQ LYNEAR AND NON-LINEAR DAMPING

. "F
W,

voas ot < Robert Young
. - *
”I:\fhis thesis, a comparative study is made of various single:
degree-of-freedom isolator systems emp]oying viscous, coulomb friction
and combined form of viscous/coulomb damping. The coulomb dampers
jnvestjgated have constant friction and adaptive friction force

" characteristics, whereby in the latter, the resistive force is a function

- of either the relative displacement or relative velocity across the

.

jsolator.

The systems are directly coupled where the ends of the demper_are

connected between the mass to be orotected and the base wheré external
excitations are applied, and elastically coupled where the damper
, is indirect]y connected to the base by'means of an elastic spring.
Two base excitations are uded: a rounded pu1se displacement®

i N /
consisting of a single disturbance and an osqil]atory pu1se disp]acement

-

having a series of decaying oscillations.
It is found that the combined viscous/coulomb damped system

offers the best performance,as it has low transmitted accelerations

A

for a wide varifation in the severity of the exc1tations whw]e the relative

v disp]acenent is maintained at levels which are genera]]y proportional
to the severity. At Tow severities, it behaves similar to a viscous

isolator where good relative displacement control is achieved and like '
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base excitat'lon has passad.

I g A e, 'n'mtay.* FITRE,

coulomb isolator at high severities wh‘ere the accelerations are
Hmted._by the break-out friction. Unlike the systems employing omy

friction damping, the combined v1scous/cou]omb system does not lock

S up and hence the mass 1is returned to 1ts zero. positio(m after the

. . Y
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NOMENCLATURE
c . = viscous damping co-efficient
c' = dynémicaI]y equivalent viscous damping co;effiéignt

of ECVI-2 syétem

c C o= equ1va1ent viscous damping co- effic1ent accord1ng to [2]

 “eq 4
e - 271828 '
F. ' = coulomb friction force
Fr = dynamically equivalent coulomb friction force of

ECFI-2 system

Ky * = elastic coupling spring stiffness
. kg = primary isolator épring“stiffness

k2 .= dynamically equ1va1ent pr1mary isolator spring stiffness

of ECVI and ECFI type 2 systems

= equivalent primary isolator spring stiffness according to [2]

e
M ? = mass of the body to be 1solated
N = elastic coupling ratio: (El
RDR = Ire1at1ve displacement ratio
S ='- Laplacian operator
t = time |
T .= natural period of jsolatbrlsystem
T1:T2,T3,Ty = trqnsition times of the oscillatory pulse base displacement
Xo . . = absolute displacement of the isolator base
Xo - = .absolute velocity of the isolator base ,//
Ko = absolute acceleration of the‘?solatqr_bage . )
. - :
/



s * 4

/ u/
= absqute d15p1acement of the damper base (ECFI- 1 and

ECVI-1 systems)
= absolute d1sp1acement of 1so]ator mid- frame (ECFI 2,
.'ECVI 2 and CVFI systems)
= absolute velocity of the damper base (ECFI 1 and ECVI-1.
_systems) '
= abso]yte velocity of isolator mfd-fkame (ECF1-2, ECVI-2
andxéVFI systems)

= abso1ute d1sp1acement of the'mass

X2 = absolute ve]oc1ty of the mass
Xz =/, absolute acce1erat1on of the mass
X /4' jerk-of the mass hs
X / < Lap1ace transform variable -
A% /// . 11mﬁts of the Tinear viscous band of the modified
7// _ coulomb fr1ct1on characteristic
' }4; , = maximum d1sp1acement of the 1solator base‘
| //XLAST b= amp1ifudelof oscillatory pulse displacement at t=Ts.
// ia ) . =. normalized maximum acceleration traﬁsmitted‘to the mass
"/// 7 "= independent variable controlling the coulomb friction
\ // . o in the adaptive friction devices |
/( z ,z; = break points of Z for constant friction 1eye1s“
/ o = rnondimensional coulomb friction ' o
//‘ oo = initial coulomb friction level for adaptive ffiéﬁion devices
Z//*' ) ar ~ = final coulomb friction level for adaptive frictisn devices .
“ B . = decay rate of the Tow frequency portion of the osci]\atory'

P pulse displacement.

O e
‘

i

N
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- Xviii -

sever1ty of the rounded and osc111atory pu1se d1sp1acements
s1ope of the coulomb friction var1at10n for adapt1ve
friction dev1ces. - G _ v

duration of the rounded pulse displacement

h:duration of the first 050111ation of the osci11a€0ry
. pulse d1splacement , *g?&\

natural frequency of the isolator system - o,
natura1 frequency of the ECFI systems when the frict1on

damper is 10cked up

- transition frequency according to [2]

forcing frequencies for various portions of the -

.osc111atory pulse displacement
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The following are abbreviations for the isolator systems and damping

devices used in‘ the text:

CVFI -, combined viscous/coulomb friction isolator

‘ D?FI directly coupled coul{\omb friction i sol\atgr
bevI directly c?up1ed visc?gs isolator >
DDFI *-  displacement-decreasing friction isolator '
DIFT disp‘lacement-i_ncreasing friction iso'laffor
ECFI eﬁsticany coupled co‘ul'oml‘) friction q’éo]gtor_

ECFI-1 type 1 e]aéticaﬂy coupled coulomb friction isolator

ECFI-2 type 2 «lastically coupled coulomb friction i’so1ator

ECVI - elastically coupled vié(cou's isolator ' “

'ECVI-I . type 1 e]ast'lcaﬁy coupled viscous isolator
ECVI-2 type 2 elastically coupled viscous 1sol1ato'r

VDFI veloci ty-decreasing fr"i“ic'tion isolator

VIFI B veloc_ity-‘increas%ng fr‘ift‘ion isolator

\
|
%
i
%
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1.1 . GENERAL BACKGROUND'

There are many engineering systems which are subjected to external'
Yibration or shock. A'vibration is considered ta be a continuous series
of oscillatory disturbances which are'detetministic or random in nature:
an examp]e of a deterministic vibration is an unbalanced engine on an
automobile. However, if the automobile is driven on a rough, undulating
nbedway, it would experience random vibrations. A shock consistS‘of al

!

singie disturbance or a short series of disturbances: the sudden'impact

bog oy " J’—-J ]

caused when ﬁﬁ§h1rcraft touches down on a runway is an exampie of a
x "‘f;,,,,z .
shock. éi—*/.

In many cases these dynamic excitationsvwhich if applied directly,
would cause damage to the system, or prevent it from performing its
function. To protect a system from:these disturbances - an isolator
is mounted between the system and the source of excitations. The

isolator allows relative motion to occur across itself and thus

‘suppresses the accelerations transmitted to the system. This reduction

in acceieration is ap essential requirement of en.isolator sinceﬂthe
system must be capable of withstanding the inertia forces which

result from the transmitted accelerations The other major requirement'
of an isolator concerns the maximum relative displacement experienced .
across the isolator during its operation. This 1s important as

physical limitations on the size and operating range of the isolator

. are qftenlinposed. Other requirements such as weight, cost and -

reliability may also be important but are not considered in this

»

thesis.

—

s




The basic eléments which %d%m an isolator system are commoniy
known: thsy consist of the system to be protected, springs which may
have 11ne§r or non-linear stiffness, and eneﬁgy dissipative dampers. = . i
Dampers are characterized by their force versus velogity relationships
which may be linear or' non-linear in form. With' viscous damping, the force

generated by the damper is proportional to the relative velocity across

the damper. In cou]omb dampers the damp1ng force has a constant
magnitude and acts in the direction to oppose motion across the

damper. , ‘ .

1.2 RECENT STUDIES . » »

There has been recent interest in the performance of isolator

'systems. That is, to know the«dynqmic response of an isolator systém
to various input excitations, and to determine {®w their response s

. -
affected by parameter changes within the isolator. ‘'~ - ,/

Ruzicka and Derby [1] have studied the influence' on vibration
\ . .
isolation of a single degree-of—freedom system due to viscous, coulomb, -

quadratic nth power and hystersis damping e]ements which were

|
{
{
!
|
!

direct]y and elastically coupled between the mass to be isolated. and .

the base which was subjected to sinusoidal disturbances. A direct -

————

" coupling of a damping element refers to a rigid connection of the: '

damper ends to the mass and base. In an elastically coupled damping

element, one end of the damper is indirectly connected to the base

pies

by an elastic spring. The isolator response was obtained using various

exact and approximate solutions to the mathematical models. The}

concluded that for each type of damping element, one can obtainlbetter

r
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high frequency attenuation with the élastically coupled isolators,

while still maintaining good tontrol near resonance. -

Snowdon [2]‘has smud1ed the eéffects of isolators comprising non-
11near'harden1ng and softening spnings in parallel with a linear
viscous damper, whose base was subjected to transienpt disturbances.

He showed that these nonlinearities can markedly affect the dynamic
response of the isolator. In the case'of the hardening $pring, hoth
the maximum transmitted acceleration and the maximum relative d1sp1ace-
ment were larger when compased to those with a linear spring. On the
other handlthe max imum va]ues’of acce]egat1on.and re]ative displacement

were Tower-with a.softening‘spring; These effects were particularly

noticeable for low viseous damping. Though the softening spring

. isolator gave superior performance, one must also consider the abi]ityk

of such'an isolator to maintain acseptable'levels of static deflection.

Various/isolator systems havdng‘some form 6f non-linear. damping .

!
have been proposed and ana]ysed for trans1ent base d1sturbances [3-6].

Snowdon [3] 1nvestigated the performance of a dual-phase viscous
damped lso1ator system subject to rounded step, rounded\pX;se and

osci11atory step dispIacements of the base. He déscr1bes. .dual-phase

;
LR

dampeﬁ as one having a variable damping ratio E'which fs a- function of‘q

the, relative ve]ocity across the damper At small velocities, e is

hig ,whi]e at high velocities, £ is Tow. For intermediate velocities

th 2 is a linear transition between the high and low va1ues of £.

"““15?' oncluded that this type of 1so]ator was high1y effective in

* reducing the maxfmum va]ues of ab2b4ute acceleration and displacement

T
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4 as compared to a linear viscous isolator for all base disturbances

4
except those having rise times: which were greater than the natural

i

period of the isolator system. L 3

Cornelius [4] praposed a "due1-acting" type of isolator having a

linear viscous damping force characteristic up to some saturation m

" velocity after.which the damping force beeame constant, and compared

Cits performance efficiency with a conventional linear viscous isolator

[

and an "ideal" iso]ator Cornelius' "ideal" isolator would be one

)

wh1ch wou1d produce a constant resistive force against any base

z }

di;turbanee independent of the rate at which it was applied. Such

an isolator would have the minimum relative di§p1acemént for a given
. transmitted acceleration. -However, it would not return to, its
| 'equiiibrium position after the dtsturbance had passed, and would have .
: excess1ve d1sp1acements under repeated shocks. From his study, he

conc]uded that the “dual-acting" isolator gave high efF1c1enc1es, and

©

\v’ in contrast to the "ideal" mount, it could return to its equilibrium

’

position.

~

-

- = _ An adaptive type of {so1ator was proposed by Mercer and Rees [5].
It compr1sed a combination of viscous and coulomb dampers and, return
springs. The coulomb friction force wis ma variable function of

the re1ative disp]acement across the viscous damper: that is, the
frict1on force was adaptive They 1nvest1gated the 1solator S

»

nesponse to three shock acceleration pulses that were measured onboard

y

C a ship subjected to underwater explosions. The maximum,ampl1tude of

.the pulses varied from 89g, to 380g, where g is the aravitational
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acceleration, 9.81m/;2. They found that for the values of isolator
parameters chosen, the isolator reduced the transmitted accelerations
to 0.5g.and f.Dg., while maintaining the maximum relative displacement

to 3.5 and 5.8cm.

Recently. there has been a number of studies concerning optimum
isolator configurations. Sevin and Pilkey have writteh a monograph
[6] formulating the isolator dksigh problem in terms of'opfimization
thegry. They o§éd two methods to solve the optimization. The first
was direct synthesis, where the isolator configuration was defined and
the optimum va]ues‘of the isolator paraméters were determined in

accordance with a performance criterion. In general, this criterion

‘

was se1ecfzd to minimize the max imum ‘transmitted acceleration while
constra1n1ng the maximum re]at1ve displacement.This approach involved
solving a const:oined minimization problem by some form of numerica]
search technique. The secord approach was a two step method of
indirect synthesis. Firstly, %he optimum performance of the system
was determined. tNo’isolotor configuration was defined, but instead,
the so}ution to the optimum isolator was found-in terms of a force-time
relationship which the isolator would have ;o‘provioe, and which in’
general, could onl&‘be obtained by some type of active isoIator -For
simple probli?s, the optimum performance was obtained analytica]\y by .
variational methods , though in the majority of cases, numerical methods '

'

"~ such as linear or dynamic programming would have to be employed The

&

1solator configuration to be optimized was then defined, and the values

_of its parameters were chosen which gave the closest fit to the optimum

*




'

performance, wifhout regards to the ¢onstraints. Pilkey and Sevin
conc]uded that this two step method required less computation time,

and that the 1solator chosen wouId not violate the constraints. They

have also illustrated these techniques with examp1eS of 1501“0"5 SUbJECtEd

b

to shock, random and harmonic vibrations.

Karnopp and Trikha [7] have 1nvest1gated the opt1m1zat1on of a -
single degree-ofafreedom isolator system subgected to both shock and -
random vibrations using two d\fferent‘performance cr1teﬁ?a. ‘The

criteria were based on the maximum transmitted force, the maximum o

"relative displacement and a relative weighting factor between the two

-

.quantities. They showed that an isolator which was\optimiied according

A to one criterion and one type of ekcitation may result in a markedly

poorer performance when compared to another criterion or when subjected

to a«different disturbance.
' . A

berby and Calcaterra [8] have analysed the elastical]y.coupled

-+ linear viscous isolator to find its optimum performance'when subject

to acceleration impulses and to random vibrations. They concluded

%

that an isolator with an_infinate1y stiff, e1estic EOppliﬁg (i.e.
directly coupled), t?ansmitted the mfnimum acceleratiop for a §1veh
max1mum relative displacement However, they acknow1edged that some
degree of e]astic coup11ng can be desirab]e, such as for high

frequency vibration isolation, or may be unayovdable.

Recenily efforts heve’been made to improve jsolatbr perforﬁance ’

'by using active control devices in conjunction'wifh standard isolator

elements Padl and Fenoglio [9] have studied a two degree-bﬁ;freedom

#vanr s bed

.
PRSI B R T
,




-

3N

mode] of an act1ve1y contro]]ed automob11e suspens1on system subJected

" to random gu1dewey exc1fat1ons They proposed two configurations for

"/ .the control system which cons1sted of convent1ona1 hydraulic components

and compared thelr response to the performance of an opt1mum isolator

system, which was optimized on a weighted acceleration versus relative

i

.displacement trade-off. They found that by\en appropriate selection

of system,parametersl the two proposed active isolators did approach

“ the-optimun’.response.

.res1st1ve force

Amore‘effic{ent'than one having a'fixed area orifice. The former, which. .

$evera1 1nvest1gat1ons "have been made w1th regards to the
performance of 1so1ators which must decelerate a mass having an initial

ve]oc1ty to rest. Such isolators are commonly known' as shock absorbers.

. Bolden [10] showed that a variable orifice _hydrauh'c shock absorber is

s

is designed to produce a constanf.resistive force'throughout-its stroke,
will bring: the mess-to rest dn.e shorter distance for the same maximum
deceleration as compared to the -latter which-produces a velgcity-squared

El

‘ Mayne [11] ana]ysed nodels of f1xed and var1ab1e dr1f1ce shock

’ “ B h;

absorbers and 1nc1uded the\effects of f]u\d compressibility, ser1es K

: vsprings and parallel return springs, .He concluded that these'complfances

‘can degrade the performance’ of a var1ab1e or1f1ce absorber,- wh11e on

the other “hand, they can 1mprove on that of a f1xed or1f1ce device.
-Blake [12] showed that for masses which possess some 1nterna1

flex1b111ty, such as a th1n walled box in which equ1pment 1s mounted,

\ e

the constant resistive force profile of the var1ab1e orifice shock

absorber does not. produce an optimum degree of 1solat1on Th1s type of .°
i . “ o €. - L

~

¥
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absorber highly excites secondary vibrations in the mass. Blake concTud-
ed that a resistivg force having initially a versed sine and "then a

constant profile would be more desirable, since a great reduction in the
: secbndary’vibrations\cou]d be achieyed with only a small increage in the

™

maximum transmitted acceleration. .

1.3  SCOPE OF THESIS

From a review of recent studies of isolator systems, it was found
. that there was a lack in the comparison of isolakors subjected to
fransient base excitations. In-the present investigation,’various
configurations of siﬁgle,degrge of freedom isolator systems are modelled,
which comprise a sing;e mass that has toibe profected, a base where the
external excitations ére applied, and an isolator. The following types
of‘igolator coﬁffgurations are investigated: "Direbtly Coupled" in'whiéh
the damping eigment is in parallel with a return spring. “"Elastically
Coupled Type 1" in which the damping element has some elasticity in its
conngction to the base, and ZF]astica]ly Coupleﬂ Type 2" which consistg
of a directly coupled iso]ator having some elasticity in it§ base
connection. The type of démping elements considered are a viscous
damper, a couiomb“frigtion damper, a combined viscous,kand coulomb
friction damper, -and an adaptive coulomb friction damper in whiéh.the
resistive friction force was made a function of either the relative |
displacement or the relative velocity acr;ss the damper,

Thé istlators are subjected to rounded pulse displacements and
a typé of p§§ff1atory pulse displacement [2,3]. Comparisons of isolator
responses are made to form a geperai rationale with reéards to isolator

_performance and the results are presénted'in graphical form.
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2.1 VISCOUS DAMPED ISOLATORS

© 2.1.7 DIRECTLY COUPLED VISCOUS ISOLATOR (DCVI)

\ . Figdre 1 shows 3 schematic'-di.agra‘m@of a directly coupl edl viscous
(DCVI)*® damped isolator system: the isolator consists .6f a viscous

damper, c, in parallel with a return spring k,.
. .

The equations of motion.of the system is wri tten as:

!

MX, + c{Xa=%o) + ka(Xz2=Xe) = 0 'L (1)
where X2 = the absol uté acceleration of the mass

X, = the absolute velocity of the mass

X7 = the abso}ute displacement of-the mass

%o = the absolute velocity of the base

Xo = the apsolute c.ﬁsplacement-o’f the b'a;se

M = mass of the body

"c = viscous. damping coéfficient

I;z.= mount %pring stiffness

(Note: When a ’pafameﬁer is i"ntroduced for the first time, it is defined

within the text:) ’ A -
Defining: W, = Yy natural frequency of the system - {2)
’ ?"d'. &; = ESMT:_ viscqus damping ratio . - X 1(3)
“n

Substituting ihto equation (1) gives the fol'(()wing equation of motion:
Xy + 2 Ewn(fl(z' %o) + mﬁz(.xz—. Xo) = Q - (4)

3

_ 1. An abbreviated noménclature for the description of thg isolators

" is used in this thesis. /

© 4 ¢
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2.1.2 ELASTICALLY COUPLED VISCOUS ISOLATOR TYPE 1 (ECVI-1)

Figure 2 is a schematic diagram of a type 1 elastida]ly coupled

vi scous (ECVI-1) damped isolator system. The primary mount spring k;

is d1rectly connected between the mass and base Howevey the ‘viscous

. damper, ¢, has some e1ast1c1ty in its connection to the base which is

- ) . represented by the elastic coupling

and the damper.is called the base of the’damper.

spring k;. The junction between k.

-0

The equations of motion .of the system are: %

sz + C(kz‘ 5(1) + kz(Xz')$0) =
3 S clRe &) = ka(xi-Xe)
where:' k1 =
Xy =
k1 =

The force acting on the base of the viscous damper are given in equation

o 3 (5)

-

- ) - (6)
the absotute velocity of the base of the damper

the absolute displacement of the base of the damper .

..

the elastic mount spring stiffness

Equation (5) representS,the forces which are exerted on the mass.

(6). .It can be seen from the.latter equation that the damper force,-

c(Xa-%1), is limited to that produced by the e]astic mount spring ki'.

Def1n1ng

{ ' ‘ ‘ =_£ ."

i N | o N K elastic coup
.and substitut1ng W & and N as def
results in the following equations:

. o X{ + 2 Emn(xz'xl) +w

- . ‘.( m
X2=Xy = En'ﬂ' (x1=x0)

n

T%nd ratio ' (7)

ined in equat1ons (2) (3) and (7).‘

(xyexs) = 0 . ®)
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© 2.1.3 ELASTICALLY CbUPLED VISCOUS ISOLATOR TYPE 2 (ECVI-2)

The type 2 é1asticaT1y couplé& viscous danppd'iso}ator (ECVI-2)
system is shown schemat1ca1]y in Figure 3. It is esséntiaIIy a directlj I
coupled viscous 1so]ator wh1ch is e]ast1cal1y connected to the base by . )
means of the spring k;. The Junct1on of k; to the rest of the isolator )
is denoted as the isolator mid- frame, and has its mot1on descrwbed by
the variable x;. In this investigation, the isolator midjframe is
_ assumed to have no mass.

The equations of motion of the system are:

¢ ¢

My + clka=x1) + ka(xa-xa) = 0 . - (10
C(iz-il) + kz(Xz-Xx) = ki(xi-xo) ()

It Can be seem from equat1on (11) .that the e]ast1c coupling

spring.ki acts to limit the force which can be transmitted to the rest

of the system. Subs;ituting.wnmg‘and N into equations (10) and (11):

- %2 * 2o (Ra=%1) + w 2(x2'x1) =0 ‘ " (12)
)'(z-.ix = 22[(%&) - (Xz-Xl)] I | o o (]}3)
2.1.4 COMPARISON OF ECVI TYPS 1 mND 2 [1] o .

. Assuming that the system islinitially at rest, the Laplace
transformation of the equations of motion (5) and (6) for the ECVI-1

system are: . ¢
MR2S2 + c(%z-Ra)s + kz(xz—io) =0 o e 1‘(14) |
c(R,-%1)s = kx(xlfxo) - ‘ ) | (15)°
where. § = Laplacian operator ' A e

%;=" transformed variable» i=0,1,2 L N
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A]gebraica] 1y combintng equations (14) and (15) to eliminate the

" variable X, and taking the inverse Laplace transform of the result

gives the following equation of motion:

N %]x + M%z + ¢ (14N) (Xp=Ko) +k2(x2X0) = 0 (16)
where ‘%% = rate of change of the acceleration of the mass, or
lljerk" ‘

In a similar mannér, the foHowmg equatlon of motion for the ECVI-2

-

system can be- derwed

() .(k”—})'scz + Mg+ ' () (Xa=%o)+kd (7o) (Xa=xo) = 0 (17)

The primed(pa'rameters ‘are used to denote the type 2 elastically coupled
system. By equating tt;e co-efficients of like terms in the twe
differential equations (16) and (17), the conditions for.' ,dynam'c"'
equi\%alence‘of the ECVi type 1 and 2 systems ere found to be:

‘ kAN (18)
¢ (14 NP ' | )

This thesis, however, considers both the types 1 and 2 iso]ators, to

Kz2'

cl

i1

l study the effects of varying the elastic coupHng directly, whﬂe

keeping k; and ¢ constant.
2.2 COULOMB FRICTION DAMPED_ISOLATORS
2.2 1 DIRECTLY COUPLED FRICTION ISOLATOR (DCFI)
Figure 4 shows the schematic diagram of a dinect]y coupled

couloinb fri‘ction damped {solator system. The isolator in this systém
consists of a coulomb friction 4danper F, in parallel with a return .

spring ka.
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THe Soulomb damper is represented as a constant registive force which
éEE;’td oppose motion across the dampef. Itg characteristic is shown
- ’////in Figure 5. o
| The equation of motion of the system is: o
7/ T O Mxp +F sgg'(kz-io) + ko (Xz=x0) = 0 ‘ : R - (20)

where F = magnitude.of the coulomb friction.

and - sgn = Signum function; sgn(x) = +1 x>0
' -1 x<o

It can be seen from equation (20) that for low inertia forces Mx,,
the coulomb friction may exceed the spring force. When this occurs
the isolator "locks up" and behaves as a rigid connection between the

mass ahd the base.
F

" Defining: o= Ty nondimensional coulomb damping . (21)
2Xin’ ' ' i !
where; Xin = . the maximum va]qe of the isolator's base
' d1sp1acement

and subst1tut1ng into equat1on (20)

Xo 4 axmmnz Sgn()’(z-yxo)'f uu(n 2(x;=Xp) = 0 \ (22) .

N e s o e ey o

fhéesharp.qonlinearity in theycoulomb damping force around the
iero vetocit& point is found-to introducé ﬁumerica1 probleh; in the
' digita] simulation of the system [13]. To ovefcone»this difficulfy,
a s]1ght]y modifled friction characteristic can be 1mp1emented us1ng a

narrow linear v1scous band of damping as shown in Figure 6.

o
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This characteristic imauséful -in stabilizing the model .under conditions

[

.'of free oscillations, partic.ulari'ly for large values of a, and in“' :
simu]atiﬁg lock-up. As shown.in Appendix A,' the 1inear:x]‘,§;pus band
used did not influence the maximum values ofyacce]yt-:rat'ion or relatijve
displacement. Bowever,‘ it is‘ important that the size of the band

should not be too large, as this \may cause the model to behave more

7

Tike a viscousTy damped isolator.
The equation of motion .for the isolator when it ‘is within the’

. Tinear band can be expressed as:

. 2 -
X, +f‘_§ﬂﬂ_ (X2-%p) ffwnz(xz-xo) =0 (23)
Ax . L A ¥ ,/ o
when J(X2-Xo)| < A%

where: + AX = the 1imits of the Tinear viscous band.

Heller et al. [13] have proposed.a different meth®d to overcome .y
the difficulties- encountered in the digital simulation of coulomb damped
isolator systems. They modeﬁlled‘ the coulomb damper as a massless friction

slider which was connected by means of a very sti.ff spring to the mass‘

'
!
|
%
!

of a single degree of fregdom system. . The sprfng was ufed to simulate ,

forces a1°: the friction interface vqh'i’ch‘ were below t‘he breakout Tevel.

- They 1nvesfigated the model under condftions of sinusoidal excitstions

and.concludéd that the model gave accurate results when comparéd t?.o the

exact solu,tfons of Den Hartog ‘[153 ‘ o . : ’
In this thesis, the Coulomb friction darnping for the DCFI system

is modelled with a narrow 11near viscous band of damp'ing
. \ * N

v
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2.2.2  ELASTICALLY COUPLED FRICTION ISOLATOR TYPE 1 (ECFI-1)

Figure 7 shows the schematic diagram of the fégf,] elasfica]ly

coupled coulomb friction isoldtor system. Its confidswatiorn is the same

o

as the ECVI-1 system shown in Figure 2 except that the viscous damper is
replaced by the friction ﬁamper F.
Like the DCFI system, this system also exhibits a Tock-up

‘phenomenon. For no lock-up,the equations of motion of the system are:

MX, + F sgn{X2-%1) + Kka(xa=xo) = 0 . (24)
Fosgn (R2=r1) = ki(x1-%o) - _ (25)

Similar to the ECVI-1 system, there are two equations:
one for the mass and another for the base of the damper.“Substifuting

for w_, o and Nand re-arranging:

l
. \ t

Xp + axin“nz sgn(X,-%,) + mnz(xz-xo) =0 . (26)
X1 = X0 ¥ oX.T (Rz=%1) > 0 (27) .
X1 = Xo - oX, N ' (Ry=%,) < 0 ’ . . (28)

From equations (27) and (28) it'can be seen that the base of the
friction damper, x;, has only two positions relative to the isolator
base: ei@her at +axinN, or at -axinN.‘
. Differentiating equations (27) and (28):
) R = X o : "‘ . l (29)
‘Hence as long as fhefe‘is'no Tock-up tHe base of the damper follows the

motion of the isplator basg exactly.

- “Equation (25) shows that lock-up will occur when the elastic
coupling spring.force -is less than the coulomb friction. "

& , | I o
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FIGURE 7 Schematic of the Elastically Coupled Coulomb
Friction Isolator System Type 1
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Rewriting ‘the equation (25) in terms of a, X4y @and N, the-Jock-up
cordition is givenas: |x; - xq] < Xy N ' ' (30)
During lock-up, the:base of the damper is fixed to ;ﬁb mass rigid]y:'

Hence: x; = x,  and L K= K N (31)(32)

~

The equation of fotion of the mass is then: .
MX, + Ka(xz2-xo) + ki(xz-x¢) = 0.
or: %z 4w 2 (1 43) (xa2xe) =0 v (33) -
+ Equation (33) shows that during lock-up theésystem is undamped and
. 4 :

' oscillates at the locked natqral frequency,Uﬁock,detérmined,by the two

springs: L ‘/ 1 . . )
C “ock = ¥n ‘ 1+ N e . - (34)

2.2.3 ELASTICALLY COUPLED FRICTION‘ISOLATOR,TYPE 2 (ECF1-2)

The type 2 elastically coupled coulomb friction isolator system
'is‘showh in F;gure 8. It*hés the same confiéuratjon as the ECVI;Z system
éﬂbwn 1n'Figure 3 excebt that thé’cou1omb.frictibn damper F is used-as thé
energy dissgpating Jevice. Due to tbe codlomp damper, this igolator Bystem ’

also has a lock-up phenomenon. When the'damber is not locked, the equations

. ‘of motion of the system are: ‘ -
MX, + F sgn(f,-%,) +‘k2(x2-x;) =0 e ﬂ (35)

f Kz (x2-x;) } F = k{xi-xo) (2-%i) > 0 - (36)\ .
kz (X2=x1) - F = kl(x1-xo)‘f (X;-8,) < O o T (37).

Equation (35) represents the forces acting directly on fhg mass; equations
(36) aﬁd°(37), the forcgg;on the isolator mid-frame. Sﬁbstitutingtwn. p ,

and N and re-arranging equations (35-37) :

N o Wb ot 0 Gl

B R T S

{ >
i
j
1
13
|
H
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op’ * , Xl = . N+~|

-equations of motion are then:

: "
"22-\

}
%2 + axy P sghlXa-k11) +  ® (xz=x1) 00 e
S Xt ET N+1 [+ aNXy + Mxz + x0]  (Xe-%1) > 0 -
K= Dol o+ G+ k0] (Reka) < 0 Co o

Differentiating equations (39) and {40):

N, + %o (@)

\ »
AN

Equations (39) and (40} show that there are two conditions -for
fhe iock-up/of the damper, depending on the relative ve]o;jty between
the mass and the isolator mid-frame. The lock-up conditions are:

[ (xaixo) = (owxi)T <aXy  (Rpti) > 0 ()

[ixi=x0) + (a=xi)] <X, (Rp=ky) < 0 (83

It can be seen from equations (42) and (43) that as the degree of

‘e1astic coupling is increased, that is for-large values of N, the

first term of the equations, N(x1-xo), bec omes. small and hence is less
effective, in unlocking the coulmmb damper. N

During 1ock-up, the damper rigidly connects the mass to the
. R . 3\

1§o1ator mid-frame and bypasses the primary mount spring, ka. The

W 2 , o , ;
X, + —ﬁ— (x1-%9) =0 ‘ ) (44) .

T A= % - . - (45)

-, Equation (45) represents the Toc ked miderame Equation (44) shows the

system is undamped during Tock-up-. The locked natura1 frequency is:
w = W N . ‘ N (46)

. logk T 2
W
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2.2.4  COMPARISON OF ECFI-1 AND ECFI-2 [1]

5

The equations of motion for the ECFI-1 system for no lock=up

were given in Sec. 2.2.2 as:

A - | . ‘ _
MXz + F sgn (R2-%1) + ka{x2-xe) = 0 ©(a7)

Fsgn ()tz-)'(l) = ]&; (X],'-Xo) ' ' . ‘ (4&
Substituting eguation k4$9'infq (47), }e-arranging.tp solve for

x, and differentiating 'gives:
K, .
2 L. ‘e e ‘
Ry = Xo - (gTMRe%o) - M Xy : (49)

Substituting (49) into (47) results in the fo11owing.equationAf6r
the ECFI-1 systeﬁ: ' . , X
© MXpt F 596 [(]+N)(*;:io)+ N'(%%;Yi'z] kz (X2-xo) = 0 ' -(50)
In‘a sim}laﬁ manner, X; can be eliminated Trom the eqdations of -
motion of the ECFI-2 system to give: .
;4 () Fsanl(T+N) (xe-Re) + p#N)(N)(%;)-,;Z-_J

+ ki () (xa-Xo) = 0 - (51)

The primed parameters denote fhe type 2 elastically coupled system. "

Comparing the co-efficients of like terms of equations (50) and (51)

“«

giﬁes the'fo110w1ng conditions for the dynamic equivalence between the
ECFI-1 and EgFI-Z systems: -

CKo=R W (52)
FU .= F (1+N) - (53)

2.3 COMBINED VISCOUS/COULOMB DAMPED ISOLATOR (éVFI)

Figure 9 shows the ;chematic diagram- of a combined viscous and
coulomb friction (CVFI) damped isolator system. The isolator compf1;e;

a return spring K; and a series combination of a viscous damper c,
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*)

and a coulomb damper F. The junction between the two dampers is denoted

as the isolator mid-frame and .its motion is described by the variable x,.

As in the other coulemb démped isolator systems, the CVFI system
possesses a lock-up phenomenqn; For no 1ock-up'of‘ihe coulomb damper,
~the equatidns of motionﬁare: _

MX, + F an (2-%1) + ka2 (x;-%0) = 0 - (54)

F%gn (R,-%;) = c{X;-%xp) . T | . (55)
From these two equations, it can be seen that;the trangpitted force
from the viscous damper to the mass,js limited by tﬁe action pf\;he
cou16mb friction device.

v

‘Subétitutiﬁg o, £ and W, and-re-arranging:

%2 twp® (x2-xo) + oX; o ?sgn(X-X,) =0 (56)
ow X, ' .
).(1 = ).(o + [ gg1n ] sgn (x;-il ) (57)

From equation (55) it can be seen that lock-up of the coulomb

damper occurs when the viscous damper does not generate sufficient >
Y . . ~ . .
force to overcome the breakout friction. The lock-up condition is’
Y

P ! N '
found to be: ~ e " C . \
¢ . > .
. S (=)

TR AL

\

13 ' ,
During Tock-up the .isolatoh mid-frame becomes rigidly attached to the

" mass, and the isolator behaves 1ike a DCVI system. The equations of

motion are: ‘
X, + 280 tRi-ko) A2 (xp=xg) = 0 - | (59) - -
X1 = % : o (60)

\

(This thesis does.not consider the combined isolator having the viscous
_f} and coulomb dambers in parallel, as this system could lock-up the mass

.to the base and might not.return the mass to its zero position).

|

‘F

i
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‘FIGURE 9: Schematic of the Comblned Viscous and Coulomb
. . Frlction Isolator System
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2.4 - ADAPTIVE FRICTION DAMPING DEVICES . ©

Ina study of a combined viscous| and friction damped isolator

system [5], an adaptive friction d‘evicekwas proposed wherei)y the s

friction force was increased as a function of the relative disp]aéer;eﬂt

’ -
across the viscous stage of the isolator. This was achieved by pumping

hydraulic fluid from the viscous damper to a bre;ke". device which would
exert an additional friction force ‘on the coulomb damper.

To see if any benefits in isoflator performance could be
derived from”adaptive coulomb dampiné, a piec:&wise‘ﬁnear variation
of the nondimensional c':ou'l_omb frici:ion o was investigated in this

Cthesis. The varfation was made a function of either the relative

displacement or the relative velocity between the mass and the isolator-

t base. Four types of adaptive friction dampers were investigated and
were designated as'displacement- increasing' friction (DIFI),
'displacement-decreasing’ friction (DDF1), 'velocity-increasing’

friction (VIFI),and 'velocity-decreasing' friction (VDFI). Their

¢

characteristics are shown in Figures 10 through 13. >

" The OIFI dampér has a similar characteristic as the device !

proposed in ref. [5], though a different displacement parameter was .

used to regulate the friction force. The VOFI damper could be considered

as an approximation to real life friction behaviour where tl':are is a

high static friction 'followed by a lower dynamic friction. The other
two adaptive frictioﬁ dampers might possibly be achieved from a semi-
act_ivé system employing hydraulic compoﬁents: however, no models

for these devices are proposed in this thesis.

.

2 suthe

pd b
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. ~
The equations for the adapfive friction are given below:

o = 0 : S R 31
a ¥ oyt ufxpz B 2 < 2 < 2,
« = a Tz >z,
"where oy = dinitial coulomb damping-
ae = final coulsmb d;mping'
Z = (Xx2-Xxo). for displacement variable friction
'z = ()'(2")'(‘(:;) for {/e]ocity var1:ab1e 'frictioﬁ
.Zl,Zz = break points of z for constant frictior_\

Q¢=Co L
o= {—zz—_iﬁgtjope of friction variation

(61)
(62)
(63)

Examining the equations for the friction isolators, it can be seen that

bot‘p the equations of motion for the system§ and the locking conditions

are affected by the variable friction parameter a.
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- NON-DIMENS IONAL
: FRICTION FORCE .

FIGURE 10: Coulomb Friction Characterlstlc for the

Displacement- Increa51ng Friction Damper

" NON-DIMENSIONAL _
FRICTION FORCE S

,i? - — %,

FIGURE 11: Coulomb Friction Characteristic for the -

Displacement-Decreasing Frictlon Damper
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NON-DIMENS TONAL. _ L
FRICTION FORCE

FIGURE 12:

, o . >
Coulomb” Friction ‘Characteristic for the
Velocity-Increasing Friction Damper

L4

.NON-DIMENS IONAL
FRICTION FORCE |

FIGURE 13: Cqulomb‘Fricfion'Chafacteristic for the

T T
-2, Ttz .. ¥2,

i

Velocity-Decreasing Friction Damper. -
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3.1 GENERAL BACKGROUND . . LR

Various types of transient hase excitations which are Hescribeq

in terms of a time history of either. force, acceleration, ve1oci§¥.or

displacement, have been employed in the study of shock isolator systems.

-

Acceleration pime histories that are.in the form of well defined pulse N

Ll

shapes, such as rectangular, saw-toothed, triangu\?r, sine and versed

sine ﬁu]ses,\are often used [8]. On the other hand, some studies [5],

subjecf the s;stem to com?fex shock pu[sés, cons'isting?*’severa]' X

acceleration peék%, in order to betﬁer simulate 'the real environment.’
When a systé# which hgé an initial velocity impacts the broupd,

cau§in5 its velocity tq drop to zero in somé presc;ibed funcéion of time

(such as during the landing of an airgrgft), the *base input is often

modelled as a velocity pulse. In {7,12] an instantaneous step velocity

bque was used, where@;hin [4] the effecfs due to rounded saw-tooth and | il
step ve]oc%ties yere studieg. | ‘ \

Displacement shocks . occur when there is a sudden change in the
pﬁ%ition of the support foundation, su;hjas when.an automobi&ggpxpsrienbes
a sudden dgpra§sio;;in~the road. In [2,%](varidus‘disp]acement 1npﬁts

in the form of rounded pulses and $teps, and 6scij1qﬁory steps, were . I

used. In this thesis, two displacement excitations are employed: the
o " - S * . N

rounded’pulse and the osci}Tiig;; pulse. ¢ - .

a
)

3.2 ROUNDED PULSE DISPLACEMENT ) , e T

) ! - ‘ :
The rounded pulse applies a sudde?nﬁisplacement to the isolator
. » i N v
‘base to‘a maximum value X;p» after which the base is returned :%\d;s
oriéina] position at a somewhat lesser rdte. The equations of the

pulse are: y . o » = ..
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xo(t) = 0 ' t<0 o (64)
xo(t) T K. (e2/8) (o tfe” (M) ¢ g © (65)

<@ \

where: X, = the maximum displacement of the pulse

/
PSR

N

. v = the pulse severity

2.71828

e

The severity of'the puT?e 1s defined in terms of duration of the pulse

and the half period of the system's natura] frequency:

dyr . T ‘ :
” v (2)/1, el . (66)
where: % ¥ the ﬁalf.pem’od of W, - /
T “= the duration of the pu1se and 1s equal to the duration

of an equivalent rectangular pulse of the same area bht

having a maximum dispIacement 17.6% greather thanvxin.

The corresponding equations for the velvqcity and acceleration of tﬁe

pulse are: )
_xdﬁ=0 <o T (67)
C T Re(t) - Lt (68)
and, o
Xo(t) = wXin (‘_8—42')(3 ") x S t> 0 ©(69)
\ ' ’ (va t - [\)wnt]z)
Vot
Kolt) = onhyy | ) x t> 0 . (0)
. (1- 2va t + —[vm t19)| ) ,

ey,
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Fibure 14 shows the time histories of the ndrmalized rounded pulse

. ; ) i -
displacement, ve]ocity.gnd acceleration forly = 5. It can bBe seen that
the base motion quantities are smooth, $1niﬂe,and continuous for all
time values greater than zero.

3.3 OSCILLATORY PULSE DISPLACEMENT

In many shock situations the base disturbggce foes not consist
of a single step or pulse, but rather, of'a nhumber of gsciliations.
An oscillatory step displacement was used in ref. [3] wh1ch was
é

Tikenedsto that of an abrupt transient step which had been "f11tered"

by a resilient foundation prior to being applied to the isolator base.

Three shock pulses of highly oscillatipng, varying !mpfitude accelerations

were measured onboard a ship subjected to underwater explosions, and
. were used,a§ base excitations 0f an adaptive igolator system [5]. With
these_sgudies in mind, an oéci]]atory pulse displacement &as qerived'in
brder,t&\invest{géte the effects of multiple base disturbances. The
pu]se is[basica1ly a_seven peak oscillation, consiéting’of a series
of fOur h1gh frequency, constant amp11tude peaks, followed by three

exponent1é]1y decay1ng peaks of ]ower frequency. The equat1ons of the

pulse are:
\ :
xo(t) = 4 X, [1 - cos wt] oct<T (71)°
S xo(fl = X [cos w2z (t-T;)] © Ti< tug_fz . (72)3
: cos ws (t Tz) X ) .
xo(t) = XLAST [1\ + cos wa(t-Tg)] Tt < To . (78)
‘ Xo{t) = 0 £>T, (75)

"'f
-

A S T

P




. e
. ‘... . r - T .
where: w; = van, Ty = o \A,//ﬂ
Wy = v, T, = 13T .
wy = g Ve, Ty= 61T,

kY T|+ = 69 TI °

1]

)
é XLAST

“decay rate of the lower frequency oscillations

amplitude of xq(t) at t = T,

The pulse severity v is defined as the ratio'of the frequency'of 5
the pulse's initial oscillation w, to thé system's natural frequency Qh.
Figure 15 shows the time History of the pulse for v= §.,

1

The corresponding equations for the velocity of the puise

are: N
“kg(t) = Xy urlsin urt] 0st<Ty -, (76)
%o(t) = = X; 0alsin wp(t-T1)] S TicteT, (77),
)'(o(t) = Xinm3 -sin wa(t'Tz)
’ Bus(t-Ta) . i ‘ L
e +ge P93 (T2 g 4y (1-1,) -
. ' . . ] . ’
%o (t) = XLAST [w3sin wg(t-Ts)] Ta< t < Ty ~(79)
' %(t) =0 | t> T, (80)
The acce]eration'equationé for the pulse are: ) |
' Fo(t) = £ X, wi2cos uit] 0<t<T - - (81)
- % (t) = - X, wp?[cos wp(t-T1)] - Ttz (82)
Xo(t) = X;pua? COSwa(t'T2)+e-83w3(t-T2L - o
| [(1-52) cos &)3(t-T2Y]‘ ) Ta<t < T3 ‘
. . t \
(148 ) sin w3(t-T2) (83)

-

o




Xo(t) = - XLAST [w32cos wj(t-T;)] Ty<t<Ty (84)
. ¥ . :

: o : Xo(t) = 0O B " t>T, (85)

oF
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4.1 PERFORMANCE CRITERIA OF ISOLATORS

To evaluate the effectiveness of an isolator, it is necessary
to establish a performance criterion-against which comparisons of different
}

isolator systems can be made. An isolator's basic task is to reduce

the base accelerations which are transmitted to the mass to be protected.

3
i
i
1
i
|
%

This is achieved by allowing relative motion to dtcur across the' isolator.
The reduct?on of the base accé]erations is important as the~ﬁass mu;t be

. able to withstand without damage, the inertia forces which arise from
thé transmitted accelerations. On the other hand, physical considerations

on the size and operating range of the isolator generally impose a

maximum al]owqglg relative disp]acehent which can occur. It would be
desirable to have an isolJEor which would produce both low transmitted

acceleration and low relative displacements. However, it is more -~
\ }

reasonable to éxpect that a trade-off exists—bptween these two quantities.

_An isolator which is designed to transmit noneiof the base accelerations

uses a large amount of 'space to absorb the basé motions. Herver,ﬁan
jsolator which produces no relative motions (that is, one which rigidly ;
connects the mass to the base) does not attenuate any base accelerations. ,
V&Fious performance criteria for isolétors based on the transmitted
acceleration and relative displacement are found in the literature!
In ref.[2] and [3], isolator performance was evaluated in terms of the
-~ .shock acceleration ratio (SAR) and the relative displaceﬁent ratio (ROR). &
SAR was defined as the ratio of the maximum acceleration transmitted to

the mass to the maximum acceleration.of the base excitaéion. RDR was, -
1

defined as the ratio of the maximum relative displacement experienced

l
’

Ry ' o R
, . - -



)

U

by the isolator to the maximum ame;}tqge of the base motion. Curves

of SAR and RDR were plotted against the pulse severity v for the

various isolators.

"This type of presentation of isolator performance

was not selected for this thesis as SAR does not‘a14ow for a direct

. comparison of the transmitted accelerations for different values of v.

Also the separate plets of SAR and RDR do not readily show the'trade-off

between aCCeleration‘and'relative\displasement.

/

A more ‘direct manner of showing this trade-off is to plot the

maximum acceleration experienced by the mass versus' the maximum realtive

disp]acement'which occurred across the isolator.

This tyee of 51ot was -

employed in many studies_[4,7,9] and is used in this thesis. The plot

is also useful in determining the sensitivity of the isolator's

\

exc1tation.

performance to changés in the—parameters of the isolator or'in the input

The nax1mum acceleratjon and maximum re]at1ve d1sp1acement

~ are represented in this’ thesis as the non- d1mens1ona1 quant1t1es

X2 and RDR respective]y, where:

.).(2=

P
where [ j

wWas exper1enced
D

L X,

mn

W

X,

in

n

2] pax

2

[x2-X0Jpay -

‘.,

x

.

| (87) '

denotes the maximum va]ue of the bracketted var1ab1e which
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4.2 INFLUENCE OF TIME RESPONSE ON ISOLATQR PERFORMANCE

-

\\E;gfﬁfgf;;j:?'in the, previous section, isolator performance is
. | ' - )
determined by t uantities: its maximum transmitted acceleration and

| 4

its maximum.relative displacement. Howeveé, there nﬁy be other criteria
which are also important in detérmining isolator performénce, such as

how quickly the system returns to it§ equilibrium position after the
external exgitation has stoppeaa If a system is susceptible to damage

due to cumulative acceler;tidng, as in thé case of metal fatigue, it

4@y be desirable to reduce not only the maximum accelerafion, but also

any secondary acceleration peaks. Ref. [12] uses such a perfo;mance.
‘criterion. Withlthe§éiconsideration in mind, the time responses of -
various(seiected isolators were examined to determine the effects of |

«9barameter[variationsl

\ D )
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.0n the other hand, simulations of even 1argg scale systems can generally

'Bppnoach was taken to obtain the peéformance'of the isolator systems. "
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5.1. METHOD OF CALCULATION

Three basic approaches can be used to solve the differential

equations of motion of the isolator systems: they are analytical

methods; anaTog simu]afion; ﬂﬁd digital simulation. Analytical
methods , either exact or approximate in form, can, generally be applied :
only to simple systems subjected to simply defined excitations. Even}
so, the mefhods are often cumbersohe to pérform. Simulations using

analog computers are able to handle larger sizeq systemé, both linear

B

and non]1near, and are genera]]y easy to 1mp1ement However set-up

t1mes are cons1dered ]ong due to requ1rements of hard-wiring and sca11ng

1

[y oy

5

run in a short time on a d%gita] computer and the results can be stored

for future use. Also opti@izatidn‘of system baranetéfs can be easily

Yo

accompi%shed using a.digital computer. For these reasons, this last

Digital computer simulations use ngme?ital’me§hods which solve ‘
the equatjoqs of motion-in smal],ldiscrete ihcren@nts of time. One ‘ h . %
such method is.the fourth-order Runge-Kutta technique, a description ‘ ;
of which is givén in Appendix B. This method was incorporated in a ' o i
FORTRAN computer program which solved the equations of motion of the

— !
various ‘isolator systems discussed in chapter 2 which were subjected to

w ™

the base excitations of Ehapter 3. The program generated the time

histor1es of the state variabJes and computed the1r maximum values wh1ch

were used to evaluate the performgpce of the 1so]ators ‘The program was
\

written in an interactive mode wh{sh enabled the user to select any

|
combination of iso]ator and excitation and to quickly run the simu]ation




'correspond1ng sma11er\(r larger maximum relative disp]acement.

- 4] -

and obtain the results. An iterating routiﬁe waé also incorporated
to‘pefmit studies'of parameter.sensitixlfy. Appendix C is a d?scription
on the use of the program and includes the terminal output from a
tybjcgﬁ,computer“run. A flowchart ;nd listing of the program are _

given in Appendix D.

5.2 'VISCOUS.DAMPED ISOLATORS SUBJECTED TO ROUNDED PULSE
BASE DISPLACEMENTS -

Figures 16 through 22 are the performance curves of directly
coupled, and types 1 and 2 elastically coupled viscous qamped'iso1ator
systems, whose bases were subjected to rounded pulse displackments of

‘ : .

various severities. Some typical time responses of selected systems are

showp 4n figures. 23 through 30.

5.2.1 PERFORMANCE OF THE DIRECTLY COUPLED VISCOUS ISOLATO& QPCVIY'

Fygure 16 shows the response of the DCVI having various degrees

..0f dampingfand which was subjected to rounded pu1se displacements of

varying severities. Examining the curves-of constant‘pulsé severity, it

is seen that for low severity (v=1), the effect of increasing the damping - ' L

ratio £ was to decrease ROR, while 22 was nearly {ndependent of £ .

The opposite occurred for high pu]se severit& (v=10) where iz markedly

increased. with h1gher damping wh11e RDR was on]y slightly reduced. '

At intermediate sever1t1es, the influence of & was tQ\v//ae-off RDR .

against’ Xz- by varying the damp1ngs a greater or 1esser maximum acceler-

ation was transmitted to the mass, wh11e the isolator sustained a

. [Ty

PRI R RPN 3
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with increasing puﬁsﬁfig;eritieé. ' ‘
N . R ‘
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, Examining the curves' of constant damping, it is seen that for

low damping, the iso?htbr's performance was nearly unaffected by pulse

severity. -Howe&er, at higher damping values iz and RDR increased

directly w1th the pulse sever1ty The vartations in'iz and RDR were

particularily high for (£=1.0). ; : ' v
In genera] it was found that the maximum trénsmitted acceleration R

1ncreased with increases in eithek the pu]se severity or damp1ng raty

Indeed the combination of both high severity and damping cadsed the viscous”

3 J
damper to become "stiff" and transmitted a 1arge amount of the base

~ - .
‘acceleration to the mass. It was also found that RDR general1y decreased

- with the damp1ng rat1o, the extent of which var1ed w1th the pu1se

severity The best performance.in terms of low RDR and Xz was 0bta1ned
with-an isolator having high damping (8=1.0) and subjected to low °
severity puise (v=1).  However this isolator gave high accelerations %%E_ ’

4

5.2.2 PERFGRMANCE OF ELASTICALLY COUPLED VISCOUS ISOLATORS
. :
(ECVI) TYPES 1 AND 2

F1gures 17 and 18 show the influence of damping 'on the sesponse

of thé ECVI types 1 and 2 systems ;subjected to rounded pu]se base

]
.displacements. " Generally t’/jr behav1curs were similar to that of the

DCVI\system, ]" that at 1aw pulse severity, the damping ratio pr1nar11y
affeétea ROR, wh11e at high severiﬁf,@its influence was mainly on Xz .
Table 1 shows a compar1son of the three types of viscous 1so]ators -
having/the same damp1ng rat1o1 It is seen that for (v 1) the(GCVI

system had the Towest RDR On the other hand, both ECVI types 1. and- 2

o . e -
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systems had much less transmitted'acpeleratibns for Bigher values of v
4for;}he same deQFee of viscousﬁdamping; This latter behaviour was'due
to the elastic coupling which by attenuating_&hg base acce?eration pefore
it reached th? damper, reduced the oyerall transmitted acceleratiﬁns.
In tﬁe ECVI type 2 system the elastic cbup]ing also reduced‘the |
acce]erat1ons which were transm1tted through the ma1n isolator s 1ng
K2, maklng it the most effective of the three configurations fon@reduc1ng
xz for a given amount of elastic coupling stiffness and damping ratio.
However the penqlty for this is an increase in the‘maximum re1ativg '
d1sp1acement C
From Figures 17 and 18, it is seen that for the ECVI types-1 and
2 systems, at the 10wer pulse severities (v—z for types 1 and 2, and v=3
for type 1) X2 increased with increasing damping ratio, whi1e RDR was
found to decrease initially, reaching a, minimum value after which it
- increased with further 1ncreases in the damping. Th1s behaviour in o
ROR can be. explained by consjdering the equivalent v1scous damping factor
| ‘eq’ and spring stiffness k, q° of the system. It was shown in ref. [2]
that for the ECVI type 1 systen subjected to a sinusoida] base excitation

—_—

_ having a frequency w,-the equivalent parsyeters ceq and k are given-as:
-~ ,’ ) . . -
D B

.,= c \ > |
) SR 2k tePc? (kotks) . (88

kikz2?+ w?c? (kytke) - . : '
~ k= S (89)

eq . ka2 + wic?’ , ’ R

Al 3
s -
\ - .. .
' . . PN .
! &
'
.
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\&t, [2] where:
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I

From equation (89) it can be shown that for either low or high values of

. w, the system had zero equivalent damping.” At intermediate values of w,

ceq varied with w and had a maximum vaJue at the transition frequency

‘mt T kyt+ka : ) (90)

If one considered the rounded pulse as approximating a forced
sinusoida1 distrubance with a duration of one half a cycle, then it
can, be said in an ana]ogous manner to the sinusoidal exc1tat1on that
for a ECVI type 1 system subjected to a rounded pu1se, the equﬁva]ent
damping of the system wou]dhvar with pulse severity. Maximum damp1ng

would occur when the duration of the rounded pulse matched the period

of 'the transition frequency, which from equation (90), is dependent

, on the damping factor c. Hence, the minimum RDR response found for

(v—2) and (v=3) correspond to the cond1tlons of 1oca1 max imum equ1vé]ent

damping. Increasing or decreasing the viscous damping ratio Caused a

reduction in ¢__ and thus increased RDR. For the higher pulse severities

eq
the transition frequency was not attained, so no minimum RDR phenomengn

was observed (Note that though'equatioﬁs (88) to:(QO)LWere derived
for ‘the ECVI type 1 system, the equations ‘and above d1scuss1on are
&
applicable to the ECVI type 2 system due to the dynamic equ1va]ence
l ‘? ~ .

of the two systems as given in sect1on 2.1.4. )

¢3F1gures 19 and 20 show the 1nf]uence of the e1ast1c coup11ng N,

on the response of ECVI types | anq 2 sygtems subaected to rounded

pulses of various severities, as compared to the response of a DCVI system.

Al st w e 4T




PN

wide vafiation in the severity of the base disturbance without degrading
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It can be seen that the elastic coupling gener;]]y reduced thé max imum
transmitted acceleration while it increased the maximum relative
displacement. Table 2 shows a comp&rison of the performancejof the

three types of viscous i;olators for various values of the elastic
coupling N, and the pulse seyerity v. It is seen that af high severities,
inéreésing N gave dramatic reductions in iz while only slightly increasing
RDR. On the‘other hand, at Tow severities,'}mcreasing N only increased
ROR, with Tittle or no reductions iﬁ ;2.

"The DCVI System (that is, N=0) gave the best performancé for (v= 1)
hav1ng the lowest values of RDR and Xz However, it transmitted the
highest agce]era;1on with on]y.a minor decrgase in<RDR for the case of
(v=10). As the amount 6f elastic coupling was increased, the differénées
between the performances at Tow and high‘pulse sevér%tfes became smallér.l
This i; desirable feature of an {solator system, asﬁit can tolerate a Y
its performance: The penaltylfor this however, is high values of RDR.

" As shown in Figure 19 there was a sudden increase of the RDR

response of the ECVI typel at (v=2). This was due to a resonant

" condition where the duration of the rounded pulse was approximately equal

to half the natural period of the system.
Figures 21 and 22 show the combdned influence of the elastic coup11ng
rat1o N and the viscous damping rat1o £ on the performance of the ECVI

t]pes1 and.2 subjected to a rounded pulse displacement (v=5). It is seen

that for 'stiff' elastic couplings (that is, low values of N), daﬁpigg
. 8

8 * ’ B
had a strong effect.on the RDR and X, response, with high transmitted

accelerations for large amounts of damping. " However, for high values of
T - ¢

v

Y .’" "ﬂ,
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»

elastic coupling, the influence of d mping was a1m55t negligib nd
anping

* the transmitted accelerations were uniformly low. It can be seen that

|
even moderate values of N gave remarkable reductions in X,.
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ceen T . Figure 25 shows that for (v=]), Tow damping was unders1rab1e, |

%

-5 - -

.0 - ,
Sgp-3. ~TIME RESPONSE OF VISCOUS DAMPED ISOLATORS \‘\

—~—
-
e N An&h@%t@%ﬁ&ﬁ

Figures 23 through 26 show the influence of the viscous danpfhg

.
o

, ratie Ebon the time response of the normalized acce]eration and relative

:k ,gisplacement of the DCVI system subJected to rounded pulses of severity

A

x’(.v=') and (v=5 ). From the- relative d1sp1acement curves, Figures 23 and 24,
it is seen that the number of osc1]1at1ons which occurred across the
isolator was 1nverse1y proport1onal "to the agpunt of damp1ng Indeed at

Jhngh damplng, there were only, three peaks - the first and second correspond

i

,*,' to the in1t1a1 dJsplacement of tLe base and 1ts return to the zero pos1t1on,
}

and the th1rd to a sl1ght=amount of overshoot High damp1ng also
produced the 1owest maximum relat1ve d1sp1acements for the two pulse '

, sever1t1es 1
' \

as the acceIPrat1ﬁn 1eve1s were h1gh°not only for the max1mum peak but
* alsaq for the subsequent secondary peaks On the other hand at (v=5),.

. ;1t was high damping which was unders1rable As seen 1n Figure 26, both . = !

Le

, , e its: i rst‘second acce]eration peaks were large amphtudes In'contrast, ° i
'f

© ' ., the accelerat1on response due to low damping, though it cons1sted of
: VE¢g1 osc1llgtions;owas of uniformi1y sm5$1 amp41tude )
’ Figure 27 and 28 show the compar1son of the acce]erat1on and ‘
’ ‘ ag relative d1splacement responses of the DCVI and ‘EQVI types 1 and 2 syﬂ;ens , .

. haying the same dqpree of damping and elastic coup]ing, subjected to a
> ° * \ .

.
. . .
‘y PN e ! . '
+ N 1 '
4 ., . .
C . .
N . [} i




‘- 57 - oo C Y

1,;‘ : - ! :
rounded pulse of (v=5). The general time responses of the three viscous

damped systems were found to be simitar. As seen in Figure 27, the 'DCVI

! -

system had the highest transm1tted acceleration due to the d1rect c0upl1ng
of the damper between the mass and the isolator base. The second
mcce]erat1on peak was found, however, to be h1ghest for . the ECVI type 1
system Figure 28 shows that during the second peak the base excitation,
»'xo, had a]ready ceased, which reduced the equivalent damp1ng of the system,

5

as given by c eq in equat1on (88). This reduction in ceq caused less

energy to be removed from the system and thus increased the amp11tude

of the second acceleration peak. The ECVI type 2 system had the Towes't
» ¥

maximum and second acceleration peaks of g?e three isolators. This was

due to effect1veness of the, e]ast1€\qpup11ng wn\ch acted a second stage

o é
of 1solation 2

o t

Finges 29 and 30 show the inf1uence of tme elastic coup11ng |
rat1oﬁu on the time response of the ECVI type‘{ System. The' re]at1ve
d1sp1acementﬂcurves of Figure 29 show that except for st1ffest amount of
elastic coupltng guéo.1), the RDR response was genera11y una?;ected by N.
As seen by the subsedueﬁt te]ative displacement peaks, however, the
influence of N‘mas to reduce the eftective dampipg of the system. Hence

for (N=0.1), the system quickly returned to its 2ero steady position,

_ whereas for a large degree of elastic coup]ing (N=1), the reSponse Yas

T h1gh]y osc111atory= Fndh Figure 30 it is seen that 1ncrea51ng the elast1c

coupling reduced ‘the magnitudes of the first and second acce]erat1on

. peaks. A similan redudtion of the acceleration was achieved in the DCVI
system by decreasing the viscous damp1ng, as seen in Figure 23. However,
a compar1§bn of the acceleration peaks of a DCVI and ECVI type 1 having
.nearly the same X2 as given in Table 3 shows that tne.amplitudes of the

- i
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sécondary peaks were higher for the elasttcal]y coupled system. This

was due to the reduction in effective damping Ceq’ given by equation
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(88), which dccurred once the base excitation had passed.‘
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‘naf the isolator base. Typical time responses of some selected isolators

" degrees of coulomd damp1ng rat1o o and pulse sever1ty v. In genera) it

5.3 COULOMB FRICTION DAMgEQﬁISOLATORS SUBJECTED TO ROUNDED'

L4

PULSE DISPLACEMENTS a

Figures. 3] through742 are the performance curves of directly

coupled, and types 1 and 2 elastically coupled coulomb friction damped

isolator Systems which were subjected to rounded pulse displacements
,, ’ |

"are shown in Figures 43’thrdﬁ§h 49.! - . ‘ “\'

5.3.1, PERFORMANCE: OF THE DIRECTLY COUPLED FRICTION ISOLATOR (DCFI)

Figure 37 shows the performance of the DCFI system for;various
N -

&

‘was found that the maximum transm1tted acce]erat1on Xz ugs governed by

} ~

/the amount of damping a, wheréas the max1mum relative displacement RDR

was pr1nc1pally determined by the severity of the pulse. Only at (v-1)
and (;éé) aas'RDR hpbréciably affected bjgincreased damping and this was
only for o up to 0.4, | ‘ \

It is seen. thar for 1ow coulomb damping, (a=0.1) and (a=0 2),~&
the response of the 1solator in terms -of ROR and X2 was not highly - .
1nf1uenced by pulse sever1ty. At h1gher amounts of damp1ng, the DCFI system
showed steady 1ncreases 1n RDR and Xz wWith 1ncreasing v. As seen in Tab]e
4 a?.he 1ncreases in Xz were sma11 -however, as compared with those for: the “
DFYI system having approx1mate}¥~the sime Tow severity pepfonpance. This

was due to the coulomb damper, which being a force 1imiting device,

&



aakdatiatd

' ©
e
g , (‘N- ’ - ‘

©

AL L AP

transm1tted forces equa] to or 1ess than 1ts breakout frlct1on force.

‘Hence RDR 1ncreased in order to absqpb the base mot1on due to the higher *

*

pulse severity. This increase in RDR produced an increase in the trans- ' e

mitted force through the isolator spring.k; , which was reflected in N ;
] ! . [P

the increased"xz.

5.3.2. PERFORMANCE OF THE ELASTICALLY COUPLED FRICTION ISOLATOR ,
' KW
(ECFI) TYPES 1 AND 2 I

Figures 32. and 33 show the 1nf]uence of con]omb damping on the
response of the.ECFI types 1 and 2 systems for various rounded pulse”’ '

"
severities. Compar1ng these figures w1th F1gure 31, 1t is seen that themr

performance trends were very similar to that of the DCFI system. Table o

5 shows a compar1son of the three types of’ coulomh'damped 1splators )

‘hav1ng the same amount of damping. The only maJor difference in the
perfbrmances of the ECFI type 1 and. QCFI system was for the case of" low i
pulse severity (v—]) with h1gh coulomb damping (u-l*O) ‘in which the o

] elastical]y coupled system had much #:gher values of RDR and Xz This “ o
particu1ar conbination of damping and pu]se severity kept the frzction |
damper locked and thus lneffectiye durlng most of fhe pu1se Hence the *
" isolator behaved as an’undamped system osci]lat1ngkat its locked natural
frequency (given in equation 34) Being undamped, it had a-large RODR.

?The elastic coupling spring ki prov1ded an addit1onal path to transmit Y

the base acce]erations and produced an 1ncrease in Xz : . ;:// L f"
. As seen from Table 5, the ECFI type 2 had the lowest maximum 5. .

transmitted accelerations when compared to-the ECFI type 1.and"DCPE~ Y

systems with the same dtGFEé of damping and pulse severity‘ This was due . g

Y E}J;f ) 75
. .




-t

. 4 y _\\

to the elastic coupling spring k, wH1ch attenuated the base acce]erat1ons

oG

prior to the main 1so]ator«spr1ng ko and the coulomb damper. "It was also .

found that for 1oﬁraamp1ng (%=.1), the gCFI type 2 system had the best
RDR performance at (v2). Th1s was a‘fesult of the spring k, wh1ch

1owered the system s natural frequency and thus moved ‘it away from the .
Ce - .

resonant condition. Fer the case of high coulomb damping (o=1. 0) and Tow d

pulse severity (v=1), there was &xsudden degradat1on in. the 1so1ator

%
performance with large 1ncreases 1n RDR and xz‘ S1m11ar to the ECFI type

1 system, the combination of 1ow<9ulse severity with some degree of elastie -
coupling kept the force level across the damper below the break-out friction

force during much_of the pu]se This'cagsed -the isolator to behave Tike

an undamped system with its pooyer RDR and Xz performqﬁg;
F1gures 34 and 35 show the' effect of various amounts of the elastic
coupling ratio N on the performance of the ECFI types 1 and 2 systems.

It can be seen from Figure 34 that’N had 1ittle influence on the ECFI

- Type 1 system. This was due to the force limiting characteristic of the

coulomb damper wh1ch predominated the response of the 1solator. -
For the 1ower pqﬂse severit;es, the effect ogttie\elast1c codb1ing was
actually to degrade the perfonnance by increasing both RDR and X2 s
(though only by :small amounts) Th1s was due to the e1ast1c coup11ng
spr1ng ki wh1ch had to be compressed 1n order to generate enough force

to cause the_fr1ctio2 device to break out. This compress1on of k)

resulted in an additional compression of the primary ®pring k; and ‘hence, .

an inc;j:ispjn RDR as compared with the DCFI sys#fm (that is, N=0). The
’ . .

additi na1\compression~of k2 produced a higher spring force acting on.

¢ -

Y

e AL PRSI i

BRI
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b4 v

the mass and thus.caused an increase in iz. Indeed, the softer the elastic
coupT%ng (h1gher va]ues of N), the poo:er was the'perfo or
the higher pulse sever1t1es, th1s effect was not noticeable. TIn these

\}9ses the pulse was severe enough so that the additional spr1ng

. compress1on became 1nslgn1f1cant and hence N had no influence on the

ECF1 type 1 system oerformance.¢ B N

o In the ECFI type 2 system:-the‘addition'of‘the elastic coupling

' spring k; oro ed a. second stage of isolation (the first ‘being the
paralilel comb1nat1on of the pr1marynspr1ng ko and’ the cou1omb damper}. .
Henée it wou]d be expected that any var1at10ns ‘in the elest1c coup11ng

ratio.N. would be direct1y reflected -in ‘maximum transmitted acce}eratlons .

: X Exam1n1ng Figure 35, it is seen that indeed this was true, and that
'

e e

Xz decreased with 1ncreasxng N. RDR was nearly independent of N with the

,except1ons of (v=1) and (v-2), in wh1ch there was' a s]1ght decrease in

—.
)

* RDR for intermediateﬁveloes of N..' . f :

. . .Figures 36 and 37 show the combined effect of the cou]omb dampiné _
factor(uand the e]astic coup11ng ratio N on the response of the ECFI
types 1 and 2 systems subjected to a rounded pulse of severity (v=5)."

It is seen from Figure 36 that the coulomb damping had a pnedom1nat1ng

'1nfluence on the ECFI type 1 system performance 1ncreas1ng o produced

higher va]ues of Xz but decreased RDR. For'a given amount of damping,
the elast1c coupling caused a degradat1on of performance by increasing
RDR w1thout giving any reduct1on in Xz 'The amount of degradation was

small for low damping, but was quite substant131 for high damping.

Vo
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In Figure 37 it, is seenithat unlike the ECFI type 1 system,:.
the elastic coupling ratio in the ECFI type 2 system reduced

the maximum transmitted acce]e'atibns. This was due to the second’

stage of isolation which was produced by the “elastic coupling spring ki .
As the second stage became 'softer’ (increasing values of N), the v

A ) . we
variations in RDR and X, due to changes in the toulomb dampAng were

lessened The penalty for this however, was high values of RDR.

N <

.5.3.3. PERFORMANCE OF ADAPTI\’E FRICTION ISOLATORS

Figures 38 throqgh 42 are performance curves of the directly

coupled friction isolator having adaptive friction dampers described

in section 2.4, whose base was subjected to rounded pulse displacements

. B > . < i
of various severities. Figure 38 compares the four types of adaptive

. friction 1solators ha\nng the same range of . dampmg (a between 0.1 to

1.0) and the same break.points (z;= 0.1 and z,= 1.0) to two f1xe<d,frict1on

“{solators (@=0.1 and 1.0). Recalling the discussion of section 5.3.1, it

‘'was found that for low damping, pulse seveﬁty had Jittle influence on .

the ﬁei"formance of the fixed friction isolator: the transmitted acceler-

‘ at1ons being Tow, while the re]atwe dlsplacements were high. On the

other hand, for high damping, Xz and RDR 1ncreased with increasing pulse

>

severity. ' . . '
\ " .
Figure 38 shows that the performance of the adaptive friction
isotators laid between _the 1imits set by the two fixed friction systems,

with ‘their response determined by the pulse severity v. At Jow v, the

‘isolators tended to have a response predominatéd by déinping vatues at the

initial end of their damping range, wheréas at high v, the response was

-




‘fixed friction system with (¢=1.0), while the DDFI .s;ystem response was

determi ned by their final amounts.of damping. o e

. X2 - R ) -
determined by dampi’ng at the final end of their rangé. Hence, at (v=10),

the DIFI apd VIFI systems had X, and RDR values equal to those of the -

equal to the fixed frict1on ( =0, ‘ILisolator The VDFI system was also B
approaching the low fixed friction 1so1ator performance It is seen )
that the DOPI .system had the best performance of any of the fri‘cti'on

ieOTAtors, either fixe%or -adaptive'. ‘Its.transmitted acéelerétﬁrcmq -

remained constant for increasing pulse severity, while RODR fncreasedﬁ:o |
absorb the base 'otiops. The other’isoﬁtors had either larger amounts \
of X or: RDR, orxokh for the same pulse severity. ,. a . .~. ‘

Figures 39 through 42 show the effect of break points, z, and z, °

on the performance of the four adaptive friction isolators. For the

'increasing friction systems, DIFI and VIFI, of Figures 39 and 40, the

break points had the most 1infl uence at Tow pulse severities, with a A
wide variation in the §z and RDR res;ponse. Using the p"'oint (z,= 0.1),

zz=1.0)- as ‘a reference response, it is seen that by advancingwthe break

point z, (that is; lowér values of z,), the 's_ystem had mdre damping and’

responded with larger X, but smaller ROR. On the other hand, by. delayipg

" the initial break point z; (higher values of z,), the‘re was less damping

in the system'which increased RDR In the“case“of the DIFI system, a

mi'nimum X was achieved at the reference point (2,=0.1, and 2z,=1.0) and

~X2,1ncreased with the delay of z,. The min'lmum X2 response had not yet _'

been reached for th;\llﬁ/gtem and X2 ‘continued to decrease with z,. )
. ‘ ' s
At higher pulse severities, the isolator performance was Httfe affected .

"by the break points, the response of the increasing fr\iction systems be'lng
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N o\ : . 5
| In the gDFI's'ystem "as shown in Figure 41, deldying of the
\reak point z,, that 1s.fﬁncreas1ng the . va1u%_£f 3} with respect to ¥
Ehe reference po1nt (z,=0.1, zz—l 0), produced a general increase in
the amount of’damping for aH pulse severities, and hence, 1ncreased
Xz By advancing the final break point z,, a mction in W
“achieved, though at the 1ower pulse severities, RDR was somewhat
ﬂncreased. Regardless of the value of the breek points, however; a
generally constant transmitted acceleration response w,h,ich was |
independent of pulse severity, was attained. ” (
The refer'enc‘e response‘of the VDFI system shown in F1: gure
42 had a 1ow Xz and RDR - for (v= 1), both of wh1ch 1ncreased w1th
1rIcreasing pulse sever1ty " For (v> %), however, )(2 began to decrease,
as at these high s_ever:iti es, the system had effectively low damping.
By advancieng the final bre'al’< point’zz, even further reddctione in -
.)'(2 were achieved.. Delaying the 1n1tal break point z, produced high‘er
‘ damping as compared to the reference response, “and Xz did not -
decrease at the h1gh v values. a -
‘ At (_v=l) the opposite effect occurred as the delay of z;

im'proved ‘the iz and RDR re.‘ponse as cpmpared to the reference point.

Advancing z, caused a deterioration to the reference response. e -

Fd
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‘ elaétically coupled friction isoiators have not been presented, as there

were large limit-cycle oscillations in the acceleration response after

R »

- -89 -

5.3.4 TIME RESPONSE OF COULOMB DAMPED FRICTION ISOLATORS

_In this section fhe acceleratiop and re]atjve displacement
time resbonses of the DCFI system having constant and adaptive coulomb '
friction charactéristics are discussed. The base éxcitation was a rounded
pulse displacement of se{erity_(v=5). Figures 43 andv44 show the influencé
of the damping'parameter o on the time responses for the constant cdu]omb
friction iso]étor; It was found that a had-only a small influence on
the maximum re]at{ve displacement (RDR). However it-had a large effect

on' the transmit%ed accelerations to the mass and the rate at which the

‘ systém came to rest. It is seen from Figure 43 that the magnitudes of

the first and second acceleration peaks were proportional to the degree
of damping, and that at_the higher damping levels, the system was quickly
brought to rest. As seen in Figure 44, however, the relative displacement,

particuﬁari]y for high coulomb damping, did not return to its zero

" position. This was due to the friction damper which caused the isolator

to lock-up when.the external forqes,app]ied across the damber ends became

less than the break-out friction force. (Note: the time histories of the

the pulse had ended. The iz and RDR responses, .however, were found to
/ : ,

be unaffected).

i
v

e
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igures 45 through 48 show the comparison of the transmitted

acée]e‘ation time responses of the DC?I system having the four types. %

qf apt1ve coulomb damping,to those oﬁ the constant friction isolator.

with low (x=0.1) and high (a=1.0) damp1ng The damping range an¢ break

/points were the same for the four adaptive devices: (o between 0.1 and

1.0) and (z,=0.1, zz=1.05. From the figures, it is seen that the time
response of the adaptive friction isolators varied'between the limits set
by the response of the two constant friction systems. All the adaptive'
systems brought the system to rest in a short time as compared to the

’low damped, constant friction isolator. Comparing the maximum acceleration
va]ues, it s seen that the DDFI system had- the best performance of the

.adaptive systems, w1th its peak va1ue, nearly &gual to the low damped

/ i

system. S : \“

¢

Figure 4§ shows the corresponding relative displacement time

responSes'of;ﬁhe four adaptive friction and the two constant friction

isolators. . It is seen that the ma ximum relat1ve d1sp1acement was near1y

all the same for the six isolators. The ODFI, VODFI and the (a-1 0)
/ «
fixed fr1ction system showed a 1ock-up of the isolator_prior to

return1ng to their zero position. The VIFI and DIFIsystems, having 1ow

gpmpfng around the zeré velocity and zero displacement stqtes reSpective]y,

>/hed limited lock-up tendencies, and showed a convergence to the zero

[N

position.
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5.4.1. COMBINED VISCOUS AND COULOMB DAMPED ISdLATORS (CVFI)

SUBJECTED. TO ROUNDED PULSE DISPLACEMENTS

Fiéures 50 through 56 are the performance cyrves of the combined

viscous and coulomb damped isefator'subjected to rounded pulse dispﬁace-

)

H
§

3
H
.
x

ments of‘various severities. In Figures 50 and 51, the 1nf1uence.9f

the coulomb damping parameter a, ontﬂe reseenSe of the isolator having .
viscous damping ratios (£=20.25) and (£=0-50) is shown. For low coulomb
damping, (a=0. i) and (a‘O 25) the iso]ator behaved poorly at Tow pulse
severities and had large values of RDR and Xz This was due to the force L e
A ”1jm1ting-chargcteristic of the coulomb damper, which at low vajues of a,
resulted in such low input vélocities across the viscous damper, thet"

the overall damp%ng of-the isolator was very small. A comparison of the . o i
responses of the CV?? system with iow.a ang an undambeq direct1y'coup1ed ‘

system (1e £=0), as given in Table 6, shows this to be the case. At

- the hlgher~pulse sever1t1es, though the ‘system rema1ned substant1ate1y

undamped the 1nert1a of the'mass- was ab1e ‘to better contro1 the behaviour
" of the system to" give lower values of RDR and Xz

For higher coulomb damp1ng (a > 0.5), the CVFI system had a much
improved performance. At 1ow pulse severity, it had 1ow ROR and. X2, and
es can be seen in Table 7, it qpproached the response of the DCVI system
having the same degree of v%scous dambing As the pu1Se severity )ncreased
so-did RDR and ii * Howeyer, at the high pu]se sever1t1es the max1mLm'
transmitted accele;at1on 1eve1ed out, and the 1so1ator responded in a
similar manner as to a DCFI system (as shown in Table 7)t- It can be@

seen From Figures 50 and é] that the amount of coulomb damping determined R

}

<
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t
the amount of iz,at the .high severities. fo minimize iz it WOu1d be
desirable to keep o small. ‘However, this wae found to have its draw- / '
backs, as the éVFI system with low o gave poor performance at 1ow“
‘severities. .Hence a minimum value of a appears necessary: particn1ari1y *
if the isolator was to be subjected to pulsé dfsp]acements of varying “

A

severities. ' ‘ - ' ' '
F1gure 52 shows the influence of the viscous damping rat1o £
on ‘the response of the CVEI- system. For 1ow £, the RDR behav1our was
ﬂOOTL' As & was increased, the RDR performance 1mproved, part1cu1ar11y
et the lower severities, though there was a'penalty in 1ncrea§ed ;2, ' A
In Figume‘SZ, it can be seen that all performance curves of the.CVF{
syetem pfotted for var{ations in £ with a =1.0 were completely bounded
by the performance curve of the DCFI system thh E = 1
Figure 53 shaws. the combined effect of viscous damp1ng and coulomb
damping on the performance of the CVFI syetem subaected‘to a roynded _
'puTSe dfso1éCement'of severity'(v=5), and,compares it to that of the '
DCVI.and‘DCFI systems. It‘can‘be_seen'chat_fhe CVF{ system had a pooreér
. response compared to the other two.systems, as it had higher RDR values

for the same amount of Xa.

Figure 54 companes tne perfonmance of the ‘CVFI systém‘having
adaptive friction devices versus constant coulomb friction dampers for
various pulse severities. TwotieVels of conetanc coulomb friccfon were
selected, (a2=0.1) and (a=1.0), and ‘the end boints of the qdept{ve
'.friction range were set to-these two values., The values of z, and Za, " T
the 11mits 1n the adapt1ve frict1on dampers,were selected as z,=.1 and
z,=1.0. It was found in general that the performances of the four types

.-
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of adaptive friction CVFI WEre bounded hy those of the constant friction

o«VFI systems, and that as the pulse severity increased, they. tended to

show a crossover response between the two ‘bounds. (This behaviour was
simi]af/to that of the DCFI system having fdeptive friction shown in’
Figure 38). Of the four adaptive isolators, the DDFI system‘was fonnd to
give the best performance: %2 wes nearly uniform'throughout the range
of v, while RDR increased to absorb the additional base accelerations of
the higher pulse severitiesﬂ The VDFI system also showed 1ow §i values,
but its RDR response‘was somewhat higher. The VIFI and DIFI isolators

e ) - \
fiad the poorest responses as X and RDR increased with v.

v

Figures 55 and 56 show the 1nf1uence of the viscous damping

ratio £ on the response of the CVFI system w1th the VDFI and. DOFI dev1ces

for various pulse severities. At (v=1), increases in Slfor,the two sys$tems

resulted in decreases of RDR and genera11y increases of X2. For the DDFI

system, except at the resonant cond1t1on at v=2, the response at the hlgher

e O

pulse -severities was determined by the adaptive coulomb damper and no

differences due to'€ was found. Onthe other hand, for the VDFI system,

, the adaptive friction device and the viscous damper, which being both

velocity sensitive, had.an interdependence on £ . Hence £ had a noticeable

o

~influence on X; at the“higher severities. \

5.4.2. TIME RESPONSE OF THE COMBINED VISCOUS/COULOMB DAMPED

ISOLATORSA(CVFI)
Figures 57‘throﬁgh 60 show the influence of the viscous damping

ratio & and the coulomb frict1on parameter a on the acceleration and

re]at1ve displacement t1me responses of the CVFI system subjected to
From Figures 57 and 58

3

rounded pulse displacements of severity (v=5). -
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it is seen that though the mamimum relative displacements (RDR) were

unaffectdd by changes in\viscbus or coulomb damping, there was a -

large influence in the subsequent oscillations of the system. "At high

E ora ;aiues, the amplitude of the secondary peeks was markéd]y

reduced as the system yaé quitk1§vbrought to rest. For low values of

o or E , the oscillations were néarly"undampe& and large excursions

occUrred =
From the accelerat1on ‘curves of Figure 59, it was found that the

maximun transmitted acceleration Xz, was proport1ona1 to the coulomb

damp1ng However, in constrast to the DCVI and DCFI systems (as shown

in Figures. 26 and 43) the second accelerat1on peak ‘decreased for higher

values of a. From. Figure 60 it is seen that excepi for the lowest value

of &£, the maximum acceleration Xz was indepéndent of the v1scous damping

ratio. THis was due to the.force,]imiting effect of the coulomb damper.

During the subsequent oscillations the break-out force of the coulomb

damper was not reacheé, and the time responsecwas governed by the degree

of viscous damping in the isolator.

o

Figures 61 and 62 show a compar1son of the acce]eration and

&)

relative displacement time reSponses to a rounded pulse disp]acement

(v=5) for the 'DCVI, DCFI and CVFI systems having the same qmounts of

viscous and couylomb damping. It 1s seen that the DCVI had the highest

maxﬁmum acceleration Xz, wh11e the cou]omb damper-in the CVFI 11m1ted

its Xz vajue to that'of the DCFI system. After the base. excitation had,

: passéd (which for v ='5 was t>0.5) Ehs time response of the CVFI system -

generally followed that of thé’stipus.isngtof.. This was partifulan11y
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significant in terms of the‘relative disp]acemérit As shown in ‘Fig’ure
‘’62, the, DCFI did not return to its initial zero pos1t1on wher‘eas, for

both the DCVI and CVFI systems, thew relative. displacements though

still osc111at1ng, were appmachmg zero. %
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" 5.5  VARIOUS VISCOUS AND COULOMB DAMPED ISOLATORS SUBJECTED TO

-118 - . T o

OSCILLATORY PULSE DISPLACEMENTS °

F'Igures 63 through 67 are the performance curves for‘ selected

f

viscous cou]omb ‘and combined viscous/coulomb damped isbldtor systems

subJected to oscﬂlator-y pu]se disp‘lacements Typ1ca1 ‘time responses

_of somé of the isolators are shown in F1 gures 68 through 75

5, 5\1—~PERFORMANCE OF VISCOUS DAMPED ISOLATORS Lo

‘. - .Figure 63 'shows the influence of the viscous damping ratio &
on the DCVI system for vdrious severities of the oscillatory. pul*se it

15 seen that at 1ow sever1t1es, 1ncreas1ng g primarily reduced both

RDR and Xz whereas at high sever1t1 es, F, 1ncreased Xz with small changes

in RDR. Except for (,v-l) RDR values for aH other pulse severities

were greater than unity. This was due to add1t1 ve effects of the relatwe

d'hsp'lacement duting successive oscﬂ]atmns of the isolator base.

ME N W N
\L\!u

Th'lS was part1 cularﬂy evideng at (v=3) where a rescnant condition

“existed. It appears that there was an optimum degree of damping in-

-

“teris of minimizing RDR, as seen in the curves of v=1, 5 and 7:

.

For a constant amount of damping, X2 increased with pulse
severity. In terms of selecting a DCVI system having good performance
for a wide range of pulse severities, one must trade-off the ROR response

-

t (v=3) against the X, response for (v>7).

.. ,
— T N
' ‘ J{_
) ,"\""‘8
s N
¥ ‘
» ! 1. . "
- \\\l\ i




. damped isolator subjected. to an oscﬂ]ator‘y pulse of severity (v 5) i

, of 1arger RDR ' .,”

primarily to' increase ROR w1th on1y s1ight changes in Xa. . -

5.5.2 PERFORMANCE OF. COULOMB DAMPED ISOLATORS

‘X, at low severities was also affected by coulomb damping. This is seen

; ‘ - - 19 -

1
=~

,The effects ‘of adding the -type- 1 elastic coupling to the viscous

shown in Figure 64. The e1ast1c coup11ng N produced a genera1 degradat1on
of both Xz and RDR performance * Indeed the addition of only a” s11ght
amount of e1ast1c1ty (N=0. 25) brought 1arge increases in Xz, part1cu1ar11y

with high viscous damp1ng Only by further increasing N, was Xz able to

be ‘reduced to levels lower than the DCVI system and only with pena1t1es

Qt Tow values of damplng (£=0.1 and 0. 20) the effect O?N wads

-~

Figure 65 shqws the performance of the DCFI §ystem'for various

degrees of couTomb damping o and pulse severity v. It is’ seen that, 1ike
the DCVI system (F1gure 63), damping influenced pr1mar11y ROR at Tow

severities and Xz at high severities. However, for large values of a,

at (c20.8) at v=1 and (0=2.0) at v=3, where the friction became suffic-

fently Hfgh, so that-large amounts of base accelerations were‘ﬁging

transmitted. | o N K
Similar to the DCVI\syttem, a resonant condition at (v=3)

occurred with high vajﬁes of RDR. In constrast to the viscous 1solafé1>,,

however, for a fixed amount of damping, increasing of the pulse severity

for (ygsy did not greatly affect either RDR or X. This was due to the

- force limiting characteristic of the coulomb damper. Indeed, the RDR

and X: response at (v=10) was better than at (v=5) for alj'values of

damping. , -
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: Figure 66 shows the inﬂuences of the e]astw couphng N and coulomb
damping on the response of -the ECFI type 1 system su{)\]ected to an
oscillatory pulse of sevemty (v=5). S1m11ar to the ECVI type 1. a snaH
ambunt of e]asti;if;y, (N=0.25), brought ?arge increases ‘in Xz as compared o 5/‘
to the diréct]y coupled i§b1ator (N=Q). Increasing N further produced
succ'essj\'/? héducti'ons in X2 | T -
For a fixed amount of elastic coup]ing,hthe~e‘ffect'of irfcreased‘(

dampmg was. pr1mar11y to reduce RDR and 0n1y shghtly increase Xz The
curves show that the prin;pal advantage of N 15 to be ab]ez;o de,cr,ease
RDR" further than c_an.be ach1eved w1th the DCFI system: for OL:].’Q’ RDR
“4s 1.31 for N=1.0, and ROR is 1.396 for N=0. ’ |

. Thb]es 8. and 9-show é compéhison'of'the peak Xz ahd RDR responses -
of the DCFI ‘s‘yste'm.' having fixed and adaptive coulomb friction for various .,
oscillatory pulse seve.rit'iésh. Two values of fixed friction were sele‘cféd:
(daO.]) and (a=1.0). The same da’h\ping ranée and break points were used |
for the four ddaptive devicesﬂ:‘ o between 0.1 and 1\{, z1=.1 and 2,=1.0.

It was found that in terms of the RDR and X2 sponses, the

fsolators could be classified into two groups: low friction systems
(e=.1, DDFI and VDFI) and high friction systems (a=1.0, DIFI
For low pulse severities, v=1 and v=3, the high friction system
generaﬂy had the better perfomance all but one value of RDR an
‘ values of X2 were lower than those of the low friction group. Indeed

the VIFI system had the lowest RDR and Xz for both v=1 and v=3.

>
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At -the higher pulse sever"itie‘s (v>5), the low friction systems
| had Tower -)Ez with only slightly higher RDR. At '\)=10, the differences
in RDR between the high éed low friction systems were neariy negligible.
Except for the VDFI- system,.the variation in Xz per;formancé within each
groub was smaH at the higher 'pu‘1 se severft'ies :
. The VDFI system showeq a bar‘ticu'lar characteristic, in that it had- ;
both high va'lues'of RDR and .)ig'at all \pu1se severities. This was‘because si
the isolator tends to transmit large amounts of base accelerations and ' ;

displacements at low ve1oc1t1es ( when its fmctmn va]ue is h1ghest)

,
b

‘However, it is premse]y at’ these low velocities, that the base

V(;“::‘zn.ﬁ—m; Fa

‘acceTeratipn_s and displacements of the osciHatory_ pulse are High.

5.5.3 PERFORMANCE OF COMBINED VISCOUS/COULOMB DAMPED ISOLATORS (CVFI)! ,

o ;

Figure 67 shows th'e per'formanée of the CVFI systen“\ having £=-0.50

for various degrees of cou]omb dampmg and oscﬂ]atory pulse sever1t1es

‘Like the DCFI ?ystem, 1ncreas1ng the coulomb dampmg o reduced

3 ot et 5 v S
N

“both ROR and Xz at low pulse sevemhes, and increased X-z at high.

i
—

' NS A ( 5
severities without much influence on RDR. The main 'difference' between

-
L .

¢ the DCFI and. CVF‘I' systems, is their response to low severity pulses

gy meee—— ‘.

‘folr.large‘ amounts of coulomb damping. Both systems showed an. initial

2

/ . .
1nsensit1v1ty of Xz for Tow" values of a: However, after a certain value

of damp1ng was reached Xz 'Increased w1th a 1n the DCFI system Whereas .

[ ——

Xz decreased in the CVFI system. This difference can be seen in. the
(v=1) and (v=3) curves of Figures 65 and 67, and was due to the viseous' ‘ ’ .
, damper in the CVFI which at high cou]omb damping, 11m1ted ‘the . - ’

acce'lerat1ons transmtted from the base.
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' Table 10 shows the comparison of the péak RDR and %2 responses
of the DCVI, DCFI and CVFI systems to oscillatory pulses of various
severities. Two va'lues of viscous damping and one value of coulomb
damping were used. Comparing the DCFI to the two DCVI sysfems, it is
seen that the coulomb damped isolator had a poorer performance at low
severities (v¢3) and had high values of RDR and Xz However, at high
pulse severities, ﬁp showed a bet?er performance, particudari]y when
comparing its §2 response to that of the Dcvi system with £=21.0.

. Of the two DevI systems: the one with 1ower damping (£=0.25)
generally:showed‘the better performance having low maximum accelerations

at all pu]se severities The only advantage of high damping was its better

‘ control of RDR at resonance (v=3).

. The CVFL—systems had the best overall performance as they behavédp'
iike viscous isolators at low severities andwfrdotion 1so1ators at high
severities Indeed at the h1gh seyer1t1es, they even had leght1y 1ower
RDR and Xz responses as compared to the DCFI system. These lower responses
were due to theé viscous damper which thded to provide a smoother transition
in the damp1ng force char;2terist1c of the 1so1ator when the velocity
reversed its sign. The main disadvantage of the CVFI'systems was that
_they responded 1ike pure cou1omb damped isolators at resonance (v=3) and
had 1arge ROR and Xz values. Increasing £ produced a small decrease 1n
RDR and Xz, ‘but the response at resonance was still poorer than e1ther

of the DCVI systems. - . i .
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&
-5.5.4 TIME RESPONSE DF VARIQUS ISOLATORS

| The relative disp1acem;n¢ and accelerapioéutime(hﬁstories of
~ the DCVI, DCFI‘having fixed friction, DCFI with4&{5p1acement décreasing
adaptive friction device and CVFI systems subjected to an o§c111atdry
pulse of severity (vs5), are shown in Figures 69 through ;f.

It can be seen from the relative di;placement curves that the
réspoﬁse of the four isolators tended to follow the geﬁeral pattern of
the base.input (Figure 15). During the high frequency portion of the
pulse (tw v/r <2.5), the DCVI and CVFI systems showed generally uniform
amplitude peaks as comparéd to the systems having only friction damping.
However, during the lpw‘frequency portion, the thnegﬁgystems having some
form of frictiop démperf tracked tﬁé fnput more acc$raﬁe1y. Thé ViSCOJS
systém- (DCVI) showed an oscillation about a mean tine which exponentially
decayed to zer&. | . .

The acceleration‘time histories of Figures 72 through 75 show
. that during the hiqh frequency pertion/of the pulse, the four isolators
had similar acce1e;$pﬂon responses, with the main differences being their,
amplitudes of the oscillations.” However, there were marked variations -
in the four responses during the low frequency portion. The DCVI system
oscillated about a decaying non-zero mean line. The‘DC;I system, with A
both fixed and displacement decreasing adaptive friction, showed shdrpf
jagged accelerations due to the stick/slip character?istic of the coulomb
damper. The CVFI systen had the best low frequency response as it
tracked the base input the most uniformly.  Table 11 is a.comparison of °

' . -
the acceleration peaks of the four isolator systems. It is seen that

‘while the DCVI system had the highest accelerations during the high |

4



- duration of the osgi11afory pulse.

C .13 -

.y

frequency portion of the"input,'it had the lowest atceleraﬁioné during

*

* the low frequgnhies,\ In’contrést, the DCFI. system with fixed friction,

had low aéceierations in the high frequency poftion and high peaks in

the 16w frgquency.haﬁge.f’fhe CVFI, however, had a respon;e‘simi1ar to '
the DCFI fixed:fr1th37’system at high frequencies and the BCVI at low
frequencies. The DC%f sxstem wiyh the disp1acement’degrea§ing édaptide-
frictjon device, had . the 1oyest accelerations-of the four isolators during
the high freqﬁencie;%'_as it tended to have a low friction value. This

isolator also had th§ most uniform acceleration levels throughout the

v
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6.0 CONCLUSIONS AND RECOMMENDATIONS

In this thesis, various isolator systems have been modelled

and their responses éo rounded and oscillatory pulse disp1acements have
.been studied. Seven isolator conf1gurat1ons were \nvestugated they n
1ncorporated a mafn return spring and a damp1ng element. Three dampers
were used a viscous damper, a coutomb’ fr1ctuon damper and ,a combined
(form of viscous and coulomb damper. The systems stud1ed were directly
and elastically coupled. Two forms of elastic coupling were{emb]oyed:
Type 1 which had one end of the démper connected to the base/Sy an
elastic spring, and Type QNgn which there was an elastic spring connecting
the base to iﬁdirectly coupled, isolator. It was shown that Fhe types
1 and 2 elastically coupled isolator systems, were dynamically eduiva]ent
for viscous and coulomb damping. However, both the type 1 and 2
systems were studied in order to examine the effect of the elastic
coupling on the response of each system. Four devices héving\xaxzable
coulomb friction characteristics were also studied.b

» The performance of each isolator was dgtermined in terms of the
‘maximum acceleration transmitted to the mass giz) and the maximum relative

displacement which occurred‘across the isolator (ROR). ﬂho*gh it is

desirable to simultaneously have Tow values of X and RDR, it was generally

-found that there was a trade-off between these two quantitxes Combarative'

studies of isolator performance were made by plotting the Xz versus RDR
responses for varjous degrees of damping, elastic coup1ing and pulse
severity for each isolator configuration. Comparisons in tabular form

were also made between the performances of d?fferent/isolator configur~

~ations. Time histories of the mass acceleration and isolator relative
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A

d1sp]acements of selected iso]ator‘ systems were also presented. | .

the jsolators which were studied.

6.1

9

1

,to give the worst pgrformance as very high accelerations were

The foHowmg are specific conclusions on the performance of
7

PERFORMANCE OF VISCOUS DAMPED ISOLATORS

For the'ydirectly coupled viscous.,damqped sys{tem (DCVI) subjected
to either round or 6sc111ato'ry pulses, Tow dampi ng was desirable
at h1gh pulse SFV'EY"ITJES in order to minimize Xz, whﬂe high
*damp1 ng was required to m1n1m1ze RDR at low sever1t1es

The combination of high damping & and high severity v was found
transmitted to the mass via the "stiff" damper, while theré_wés
Tittle or no reduction in ROR. (

High damping was pa?ticu]arﬂy ‘effective in controlling the RDR
response between the mass and base excitations at resonant conditions. -
The addition of either the type 1 or ti,ype 2 elastic coupling to

the DCVI system, provided large reduction in the Xz response to

a rounded pulse d1sp1acement particularily at high v. The type

2 system had_ the lowest Xz of the three systems for a given v,

Nand £ , as it provided a second stage of isolation.

Depending on the severity of the rounded pulse and e]asti\c coupling
ratio N, there was an optimum value of damping which minimized RDR.

For isolators subjected to variable shock environments (that. is,
varying levels 01”‘ rounded pulse severities), the ‘elastic coupled

viscous isolator (ECVI) systems were found to offer more uniform

X2 responses as compared to the DCVI system.

.
3
. - s '
R, “n ( -
.
.



6.2

" at low severities, the magnitudes for high and 10Q damping were

"in the response to rounded pulses as compared to the DCFI system.

The addition of tpe type 1 elastic codp1ing however, was found

to be detrimental to isolafpr performanbé for the case of an
oscillatory pulse displacement of sevérity (v=5),‘partﬁc&1arj1y o
for small values of the coupling ratio M. Both'ka,and RDR

o b y
were increased, as compared to those of the DCVI system. _ 4

T{e time histories showed that high damping quickly brought the

DCVI system té rest,'whereas'severa1 oscillations Qére required

f&n the syétem with Tow damping to come to rest. Systéms with

large degrees of elastic coupling also required several oscillations
to come té'rest. For high gu1se severities, the;e 1argé number

of oscillations were not considered damaging, as the%r magnitudes

N

were small when compared with those with high damping. However,
1

nearly the same, so it would be more desirable to have high

viscous damping.

PERFORMANCE‘OF FRICTION DAMPED ISOLATORS

- 3

It was found that for the directly coupled coulomb friction ‘
damped (DCFI) system, the degree of coulomb damping o desired

was dependent on the pulse severity v of the rounded and oscillatory

s
|
H
}
i
!
)

pulses. At high severities, low damping produced good isolator.
perfd}mance, whereas at low v, higher damp%ng gave the best results.
The tyﬁe 1 elastic coupling (EC?I-T system) gave no improvement g
Indeed, at low severities, there was-a s1ight degradation in

performance.
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There was some reduction in Xz wifh the ECFI Type 2 system.as
compared to the DCFI system g'jtl;n's is due, however, to the addition
of a second stage of isolation which attenuated the input to

the isolator's mid-frame, : T i

Both the ECFI type.1 and 2 systems showed markedly poorer
performa'nces for the combination of high coulomb damping and Tow

rounded pulse severity, as compared to the DCFI system. In these

~cases the friction damper locked up throughout most of the duration

of the p'l’ﬂse, cad'.;.ing_ the system to be practically undamped. -
0f the .four typeé of adaptive friction devices which were used )
in the DCFI system, the DDFI device gave the best performance.
[t had a constant X2 response w\hich was independent of pulse ‘
seyerity, whiﬂTe jts RDR response irlxcreased with severity '1n.
order to absorb the base motion. It was also fowd to give an,
improved performance over those of the fixed friction systems. - '
Like the viscous damped system, the introduction of the type 1
elastic coupling produced a degradation in the Xz response of
tt:e coulomb damped system subjected to\an oscillatory pulse of
se;/grity (v=5). "Stiff" elastic coupling springs (that is,

small N) produced the worst performance. One benefit, however,

was that RDR response was reduced at high damping values, as

compared to the DCFI system.

The time histordies of the DCFI systems with fixed friction showed .

4

that except for very low coulomb damping, the mass was quickly
' - Coa
brought to rest after the rounded pulse had passed., However, -.”

due to the lock-up of the friction &evic'e, the mass did not return -

to its zero position.

- Pl th

2o

B Sy
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"of time.

~ By an appropriate selectien of £ and o , the s

~of _a, the system was virtually undamped and had very po

- 146 -

41
i

. ‘ , 5

The ;cce1eration time histories of the DCFI system with adaﬁtiye
friction‘devices were Eompaﬁgd to the same system having two §
values of fixed friction; high and 16w. The end péints of the 4%
damping Vange oj the adaptive devices were set equal to thesé' | )
fixed f;iction values. The responses of the adaptive systems

v E

were found to be bounded by those Qf the fixed friction systems.

The system with the DDFI device had the best performance, as
during the pufée (when the base accelerations are high)-it
followed the low friction response, while after the pufse,~it
trackea the high frjEtion response.

l ‘
In terms of the relative displacement time history, the system

having the VIFI device was found the best. It brought‘thé mass
nearly to its zero position, which Qas achieved only by one other ™ //'

system (that with low fixed friction), and in a much shorter length

PERFORMANCE OF COMBINED VISCOUS/COULOMB DAMPED ISOLATORS .

It was found that for the CVFI system subjected to rounded pulse

displacements, in general had the viscods damping ratio £ determine

the system's performance at low pulse severities, while the’

coJ]omb damping ratio o determined its high severity response.
¥- .
em could have good

performance for all values of v , the pulse peverity.

A minimum amount of coulomb damping was required, as at low values

performance at Tow severities.

t L . . i 0
- v
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¢

- Low,values of £ were also undesirable, since for low pulse

Y

severities, the ROR response was poor ..
(Note: Though the response to oscillatory ‘pulses was not fully studied,
it is reasonable to expect that the above conclusions are also applicable

to oscillatory puises).

- The relative displacement time histories also confirmed that

the low g or o values were undesirable, ‘as in these cases, the

\

syst‘em was highly undamped and several oscﬂ]avtions were

rgquired" to bring the mass to rest. ° R :

- - . From the acceleration histories\, it was found ;:hat at the higher
pulse severities the coulomb damper determined the maximum
écce1erat1‘on ransmitted to th mass (that is, .)‘(2). while the
viscous damper determilned the yalues of the secondary and
smaller acceleration peaks.

- Similar torthe case of the directl?' coupled friction -isolator, |

| the DDFI device had the beést performance of the four- adaptive
friction devices. that were used:in the CVFI system. This
isolator system had 16w transmi ttedh accelerations for all.
pulse severities. The other systems had either higher'valyeé
of X, or ROR or both.. There was an optimum value of viscous
damping £ associated with the DDFI device: low & gave hi_gh‘
RDR values, while high £ resulted in a poor resonant response

¢

(at v=2). -

-
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6.4

COMPARISONS OF THE VARIOUS ISOLATOR CONFIGURATIONS

In terms of limiting the accelerations transmitted to the mass
from. rounded and osci?lato pulse displacemeénts of varying
severities, the DCFI and Crf;\WQre found to be superior to

the DCVI system. 1In the DCFI and\Blsi, the accelerations were
maintained at tow levels by the force 1igjting behaviour of
the frict?on damper. Indeed, when the DDF}*Qevice was used,

the lowest and most uniform Rz response was obtained. The
. ' \ \
viscous damper, which had a damping force proport1ona1\;o the

relative velocity across the damper, offered no such 11mft\ng

characteristic in the DCVI system, \\\

The ECVI types 1 and 2 systems were also found super1or to the \\\\
bevI system subJected to rounded pulses. This was because the
elastic coupT1ng spring reduced the relative velocities across

the viscous damper and hence Timited X2

?

/
The disadvantage.of the two ECVI systems as compared to the

OCVI, was their markedly poorer ROR response at the fower, ,

pulse severities, where, their equivalent damping Coq "2

.o

found to be too 1ow

The ma1n disadvantage of the OCFI system was that because of

.

the lock-up of the- friction damper, it did not return the mass
to its zero position after the base disturbance had ceased.

One way of overcoming this disadvantage was to use adaptive |
A * (‘“

friction dampers having low friction values near zero relative

displacement or relative velocity. Indeed the VIFI device was

found very effective in bringing the mass to its zero position.
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- Another method of having the mass return.to dts equilibrium
position, was to use the CVFI system. In this system, the
return spring was de-coupled froﬁ the friction dampér and hence
was not affected by thé lock-up. |

- In summary, the CVFl system was found to offer generé11y\the Q

. bes% overall performénée to both rounded ;nd osci]]atory‘”

pulse displacements of Qakying se;zt}ties. It maintained low

values of X, for all pulse sever?t¥és, while 11mifing its ROR

R response to that which was'necessary to absqrb the base motion.

As shown in its relative displacement time histories, it would o

. accurately track the motion of the base,,a;; would quickly

coﬁg 10 rest after the disturbanéq had passed. Unlike the

DCFI system, it would not "10ck-uﬁ" the mass and prevent it
* from returning to its zero position.

N
6.5 ° RECOMMENDATIONS FOR FUTURE WORK © e

‘

The fol1owingx is 3 list of recommendations for futﬁre | ’
areas of study:

1. Perform an optimization of the various Vsolator configurations

L4

. based on an objective function which minimizes a weighted summation '

of 'RDR andliz. In the present stuqy,‘tpe comparative performangii\ _ n.f
o 6f isolator systems were Qnalysed1using pakaq@fric variations.

However, no optimum performance was derive&.‘ }t is suggested

ihat the opti&jzation be performed both fof‘a single 1nput‘of "

a diven severity, and for a nug&ﬁi of different inputs of various

severities. This latter study is desirable for those isolator’

15( - _ iy ; 4! ‘1‘
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r

systems which‘may be subjected to shock enviromments of

varying .intensities. N

e
Examine the response of the isolator systems to other types.

of base excitations, such as various shaped velocity pulses.

This may show that the above conclusions on isolator performance
are valid for shock‘inbuts in generai, and are not uﬁfque(yo

the two disturbances used in this study. Also a more in-depth
study of the respbnse to oscillatory pulse displacements would

be desi}qble; | .
Further investigate‘the CV%I system 1n’Fonjuhction with adaptive
fr{cticq devices using difjfrént Z parameters (ref.equ Eions,
61'to 63) fo control the friction force: for example, having -

Z be the re]atj&e'disp1acemen;_3;ro$s!the vfscous’dampér [5].

”»

Investigate other mathematical models for the'gr}ction damper,’

such as the one used in ref. [13]), in order to improve the

~ accuracy ofuthe simulation of the acceleration time history
'apd~part1cu1ar11y to stabilize the 1imit cycle behaviour found -
. in the QCVI systems (see Appendix A)."" ‘ .

Désign and-test an experimental CVFI system having fixed and,

adaptive friction devices, in order to validate the computer

& vesults. -
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'APPENDIX A

[y

FRICTION DAMPED ISOLATOR HAVING NO LINEAR
VISCOUS BAND CHARACTERISTICS.

\ .

/

' As discussed in Section 2.2.1, a modified coulomb friction

force characteri§tic having a narrow linear viscous band was used in

5

. ihe DCFI system. The size of the viscous band Ax was selected to

accurately simulate the acceleration response to conditidns of free

oscillation, whilé maintaining the basic friction characteristic during

. forced. oscillations. As §éen-in Figures 76 and 77, the mass acceler-

atign history for the systeins having the‘"{dea1" friction character-

jstic.of Figure 5 had large high frequency oscillations during lock- :

4

\ , .
up of the damper. The amplitude of thgse oscillations were proportional

to the amount of the friqfion force. On the other hand, the systems

with.arfriction characteristic havinga linear viscous band, brought

the mass acceleration to zero once the system was locked up, and
had no high frequency oscillations. The figures show that thet

response of the s}stemé with and without tﬁé\viscous bands were

identical priaor to 1$ck-up. The size of the viscous band Ax given

in equation (A1) was determined in tems ofithe simulation gﬁrameteré

and was automatically selected by the computer program.

Ax = (Xgp V) (Hmod).
50 Nn

!

1 -

QQ? { .
Hmod”d user selected s?ep si;f modifier.

L 4

(A1)

'
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The types 1 and 2 ECFI systems did not employ the linear viscoés band
characteristic in their'friction models, as it was believed that

" during lock-up of the dampers’, the elastic coubling spring'kx would

L
)

* control the mass acceleration response. However, this assumption was
found to be erroneous, gs the acceleration of these sgsfems had the
" same type bf oscillations durihg lock-up as the DCFI with no viscous

band;‘ﬁespite attemp'ts to eliminate the oscillations by decreasing -

" the step sizé. X, and ROR however, were not affected by the oscillations.

(Note: onerof the recbmmendations of this thesis is to use different
friction models with the ECFI systems in order to eliminate the

oscillations).

&
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APPENDIX B
‘ ', FOURTH-ORDER RUNGE-KUTTA METHOD OF

SOLVING. DIFFERENTIAL EQUATIONS [14] - g

!

Thisznethodasolves for the dependent variable Y, in the .
~ differential equation (B1) for successive values of the independent

variable Xn which is incremented in stép sizes of h.

\y'=f(x,y).

X = Xn + h (B-I )
:yn+1 Yyt Ay ‘
4 ' ) w

The method essentially expands the right hand side of (B1) in

\

i

-a fourth-order power series of h, by cbmputing four, sample slopes

in the neighbourhood of the last step (x,,y,), and then averaging
the slopgs using weighting factors (1/6, 2/6, 2/6 and 1/6) to determine

the next step at (x

i

¢

w41 Y1)~ The slopes are given as:
ki = [f(xsy,)] [h]
: h ki
kp = [f(xn ta oyt -50] (h]
' k
© kg = [flx, + By + P 0]

\> fom [l +hoy, +k)1 0] 7

4 | ] - ’ . ot &
The average slope s given as: ‘ L ' \;
oy lk 2k 2k vk ] - ¢ .(86)

. ‘ \ .
The geometric representation;of the method is shown.in Figure 78.\
‘»
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) | APPENDIX C f
'DESCRIPTION OF THE USE OF THE COMPUTER

PROGRAM

. o
The digital computer FORTRAN program was written in an interactive

mode which aiiows the user to select any of the isolators disCussed in

Chapter 2 and to determine its response to either of the base excitations °

of Chapter 3. The following is a description of the use of the program.

The user first selects the type of damper in the system: viscous,

-

friction or combined viscous and friction. The isolator configuration

is then inputted; either directly or elastically coupled. If a friction

device is involved, then the program asks for its characteristics: either

~

fiked or adaptive, and whether or not, the linear viscous band is to

be used. Having defined the isolator system, the user then inputs the

values of thg system parameters. ' °
The program follows by.asking for the type of base excitation 5 ~ LR
(six types are available, though only rounded pulse -1~ and ' g

oscillatory pulse B -4- were stidied in this thesis). The user then
’ x .

enters the amplitude of the excitation -' XIN - and its severity - D.
$
Based on the values of system and excitation parameters, the

program automatically selects the iteration step size and the time

A t

duration of the simulation. In general, a fixed step size is used,
»

though for fn&btion isolators, it is reduced to a tenth in. the

thé region of lock-up. During the low frequency of the oscii{atory pulse, -

the step size was increased_to minimize the FPU time required‘for

the run. However, tHe program allows the user to either increase or

-

A

. N .
. . !
' . R .
. . . ' .
. . . ‘ v
. -
i ., C . Lo ‘
v R ) . .

| | ! -
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of the second run.

L ‘ S o-60 - >

dgéreasefthe.sﬁep size and }ime duration by setting the values of HMOD
and LIMOD to values larger or smaller than unipg ! R .
-The program also 1ets the user select the type of output from

the s1mu1at1on and where it will be d)splayed - on the terminal and/or
in'a file to be hard copied. All the values of the state variables .,
may be stored, or only their nonqimensiona1 maximum values (SAR,
AMAX, ﬁDR, SDR) with their corresponding timé values. The yser can
also select any of the state variables to later be pquféd\és a time
history. | ' . '

" The program 1ncorporateslan iterating routine by which ﬁhe user,
can select one parameter of the simulation to successively take-on a

series of values, either in constant increments or having user-selected,

values . Af-the end of the run, the user cdn chaﬁge any or all of the

o

_ parameter values, révigw the status of the parameters and. rerun the

simu1ation. ¥

. On the following two pagel a typical terminal display from an

i

1solator system simu]ation is shown. The first page ié the user/
program d1alogue, the CVFI system (u» =) hav1ng a DIFI adaptive friction :
device (ao-o 25, a.= =] 0 z,=.1, 2,= 0) was se1ected The base
excitation was a rounded pulse (X{§21:’v=5); and the program was runvex'
for two values of £ (dampv70.5 and 1,0). The results from the\runs

are shown on the second page, along with the status of the parameters

v -
' 3
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"ENTER O FOR VISCOUS»

?2

T 6

1 FOR FRICTIONe 2 FOR COMBINED UAMP-
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-

ENTER USER, O FOR SANKAR, 1 FOR EOR

4

4

ENTER p FOR SHPPLE COMEINED, 7 FOR DUAL K

- COMEINED

-

ENTER O FOR FIXED FRICTION, 1 FORVARTABLE. REI. DISFL

1

?0

\

: - ¢
ENTER FRICTION PARAMETERS..: DAMF, XN1. XN2,

? .25

Al

vl

ENTER FREQ,

7 3.14159

ENTER DAMP
? .5

v

a

N
1

¢ ese VISCOUS DAMFING RATIO

1.0

1.0

-

a M

"“ave oo SYSTEM PARAMETERS

-

/

2 FOR VARIABLE FRICTION, REL. VELOCITY

-

ENTER 1 FOR NO LINEAR VISCOUS BANDy O FOR L.V .RAND

ODMAX

I}

ENTER O FOR STEF, 1 FOR.PURSEs 2 FOR MASS INFUT
3 FOR OSCIL

21

FULSE Ay
S FOR VELOCITY FULSE

4 FOR 0SCIL.

e hemr et e e —— v ———

oENTER XIN»D»HMOD,LIMOD +.... INFUT FARAMETERS

7?71 S

1

1

PULLSE B

JENTER O FOR ALL VALUES PRINTED, 1 FOR FEAK VALUES
—_ "+"2 FOR* NO_TERMINAL OUTPUT '

X

FEAK VALUES

ENTER O FOR DATA STORED, 1 FOR NO STORAGE

1

'] '

—...ENTER NAME

v 7 dampv

71

OF ITERATED PARAMETERs

ENTER O FOR CONSTANT I

g

.

’
]

-NO- FOR NO ITERATION

NCREMENT» 1 FOR VARIABLE INCREMENT

-- :ENTER =N- NUKQER OF ITFRATIONS AND -N- VARIAELE VALUES

-7 2

- marn

i

-]

1.0

!

¥
3
4
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&

ENTER VARIABLE TO RE CHANGED - NQMORE TO STOF

? status

COMBINED VISCOUS - FRICTION
VARIABLE FRICTIQN - DAMP- -
‘\/

- DMAX - 1.
VISCOUS DAMF
- FREQ -

- DAMFY - 1.
3.14159

VALUE 0OF ELASTIC COUFLING.. -
= INPUT - PULSE 1

INFUT AMPLITURE ~ XIN -~ 1
TRANS .TIME RATIO -0 -

NUMERICAL SOLN VARIARLES

t

STEFP MOD - H - 1.

LIMIT MOD -

LIMUD - 10

STEF SIZE - H - + 02000

END OF TIME

- LIMIT -

— -' —l ‘-<~ \J--. - . - -
v“ '- ]62 . . ‘ s ' ‘
- N e e e e e ’
" MODEL AND SYSTEM VALUES DEFINED...ITERATEﬁN NOC .1
VALUE OF S.A.R. 01976 TIME OF S.A.R.
VALUE OF A.HAX. 18.01162 NO. OF FEAKS
 VALUE OF R.D.R, 94814 . TIME OF R,L.R.
VALUE OF S.I.R., 42367 TIME OF SThR.
VALUE OF A.RMS: - 2304.,685 LAST TIME VALUE .
§JEF SIZE 02000 TIME LIMIT
> .
_ MODEL AND SYSTEM VALUES DEFINED...ITERATION NO' 2
VALUE OF S.A.R. ) 01908 _TIME OF S.A.R.
VALUE OF A.MAX. 17.,38905 NO. OF FEAKS
VALUE OF R.I.R. + 96052 TIME OF R.LWR,
VALOE OF S.D.R. 39059 TIME OF S.DWR.
VALUE OF A.RMS. ’ 776.7§% LAST TIME VALUE ,
STEP SIZE - 102000 TIME LIMIT

¢

»

- 4

« 25

———t - —— ot — e P -

®

N"-lo A

S.

6.0000

DATA STOREL -GRAFPH- =0y YES- SET T0 1

ALL VALUES=0'

yPEAK VALUES=1

~PRINT- -1,

ENTER -RETURN- TO RUN »  —NAME— OF NEW VARIABLE =

? nomore

1
1

s crmersomm ‘e

-t — e e——— —— - ey e b -

192600

7

, 08800

+51800
5,99800
6.00000,

© +12000

5 L}

" - +08000

+49000
5.99600
6.00000-

v L ey e e

—— e B wmme | e e e ——



major subroutines DIFEQS, EVF and PULSE. EQS is the‘use+ interactive

. 6dfput. The proéram'then calculates the steb size and time.durafion
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APPENDIX D

v

FLOWCHART ANb LISTING OF COMPUTER PROGRAM ’

° The computer program comprises the main program EQS and three

W
. .2
portion of the program and centains the prompt commands to select the
isolatdr, base excitatian, values of the system parameters and type of
of the simulation, and the co-efficients of the equations of hotion.

Subroutine DIFEﬁ?stonta1ns the Runge-Kutta numerical method

- X

package which solves the equat1ons of motion. [t a]so calcu]ates

the peak values of the state variables and stores the data in vanious

-

‘files for e1ther termminal display, hard-copy or for,a p1ott1ng package.‘

Subroutine EVF contains the equations of mbt1on for the 1solator

systems while PULSE generates the base excitat1on fbr each 1ncrement A
of. time. v | .
Figure 79 s a f1oﬁehart of the entire program, fo)lowed by the
program listing. . , ' ’
b ‘l 4
& A . , “J‘ k]
"n . .
’ B . -
- 5 ! \) - ¢ »
13 ' ,’

AN
o

—d g
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EQS "

program "

T

wEHng

CONFIGURATION

define ISOLATOR !

enter

»

' define BASE
EXCITATION

VALUES

A

1| select CUTPUT

FORMAT

1 v

»

\

vy

“

' subrougine vo
_DIFEQS '

- ARAMETER g
b PARAM "‘—ﬂ

v

INITIAL | |

!

INCREMENT
STEP SIZE

CONDITIONS -~

‘:\

CALCULATION

RUNGE-KUTTA [~ ”P SYSTEM EQNS of

moTIdn |

y 1

MATRI

5

) _J . ' subroutine PULSE
store OUTPUT —
BASE EXCITATION'

calculation

PEAK VALUE

|carcuraTion | . ¢

'

T T
| GRAPH DATA

pomefened
MATRIX |

. S, o “:;q .
FIGURE 79: Flowchart of Isolator é@gzlation P
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‘® " TAPESzINSUT+TAPEB.TAPEQ) *

_PROGRAM, EAS(TAPEL»0UTPUT + TAPR60UTRPUTINPUT,

DOURLE PRECISTON DEP(20) +RSLTY20),
REAL FREQ.’)“AX,XIN'ZNODAMP ,

[ 4
\\9INOEPoLIMIT
*ar:r(ls).vupw(lobf ‘ . ‘

| DIMFNSION ]
' INTEGER NoCHTZCK 1 : . ;
\ IVARNO=1 . .4 N | \ -
R o . - P . ) R
i PRINT®,"ENTEQWSERs 0 FAR SANKAR, 1 F02 B0O3"
READ#, 400D 4 v . B
. PRINT#,"ENTER 0 FOR VISCOUSs 1 FOR FRICTION.
A\ . 2 for cowRINED Davpo i ‘.
READ®DAMOER" ~ -
IF (DAMPER.E,1) 6O TO 1on e -
IF (DAMPER.EQ.?) Go 10 101, : o

PRINT#¢"ENTER 0 FOR MODEL As 1 FOR woo%u E" .

' . PRINT®, 1 2, FOR STMPLE -, VISCNUSY. )
S A GO TQ 105 . T
100 PRINTH#*, "ENTEI 3 FOR MODEL As 4 FOR Mogn En o -
PRINT® 01 5 FOR SIMPLE = FRICTIONY r//f ~ .
GO TO 105 - ’ . , - .
101 PRINT#4HENTEY 6 FOR STMRLE CAMRINEDs 7 FOR JUAL K"
‘ "+ 1n% READ#yM0DEL, . | ' o
- o IF (DAMPER,.T,.1) GO 10 102 ‘
~ PRINT#,"ENTEQ 0 FOR. FIXEDs. 1 FOR VARIASLEs RE_L DISPLM
PRINT® 2 FOR VARTABLE FRICTION, REL. VELOCITY®
READ# IFRICN 4 C
. PRINT#yMENTER ] FOR NO LTN. VISC BANDs 0 FOR L.V.BAND"
READ#,LVB -
IF(IFRICN..T,1) GO TO 107
\ PRINT#y"ENTER FRICTION PARAMETERS .. sDAUI ¢ XNIIXN2y DUAXN
READ# 9 DAMO 9 X\19XN2+DMAX e
' PRINT®yMENTER FREOY N- eeseessSYSTEM oanAMsTsﬁs"
READ®yFREDs Z\ r
GO TO 107 ' ,
- 102 PRINMT#,WENTEQ DAMP, Fqge. AMD N oo SYSTEM PARAMETEIS"
- ‘ READ®)DAMD 4 FREQy ZN ‘ . . .
v * 107 "1F (DAMPER.NE,2) GO TO 103 -
; PR[NT*;"EVTER DAMPV ,.,..e VISCOUS NAMPING RATIOM
' . READ®yDAM2V . ‘
103 PRINT#,"ENTEQ 0 FOR STEPs 1 FOR PULSEs 2 FOR MASS *
N ' ' PRINT#, " DISPL.y 4 FOR NSCIL. PULSE 8"
’ «_ PRINT®sn 5 FOR VELOCITY PULSE" _ .
READ®, INPJT Cy -
IF(INPUT«NZ.5) GO TO 1064 .
PRINTRAMSELEST VELOCITY TYPEs 6 FOR TRTANG.Ey 1
: PRINTo,n 7 FOR SINE. 8 FOR VERSED SINEN
o oL L _-READ®, INPJT ) * '
) IF(TNPUT.NELS) GO TO 106

PRINT®yMENTER VINGDsDRATTOGHMOD,LIMOD, .. INSUT PaRAMY
READ®IVINWDIDRATIOWHMON S FMOD ™ . .
TAN=3.1413924/ (FRIEQ®D) ‘ ' , S~

,'/ XIN=VIN®#TAD/?2,

]
»

CONTARDTA TR

X
TERQTMY
PR
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4 . R ' R .
- ' PRINTe,uvALUc OF XIN ".xxn
: ‘G0 10 108 :
R ) 106 PRINT®,"ENTEQ VIN,D, HMOD.LIMOD © .. INP PARAMECTERSH

nEAD*oVINoDv4WOOoFMOD
- TAD=3,141392%/ (FREQ#D)
\ IF(INPUT«S2.7) XIN=VINeTAO/1,570796
\>r " IF(INPUT.£2.8) XIN=VIN®TAO/2,

- ' PRINT®,"VALUZ OF XIN LES § ( E—— ~
GO TO 108 : : : _ -
16 PRINT#9yUENTER XINsDsHMODCLIMOD eses INPUT PAAMETERSY

- REAthrNoanMoo,.qup
108 PRINT#y"ENTER 0 FOR ALL VALUES PRINTED. 1. FIR PEAK"
. . _ PRINT#4n VALUESs 2 FOR NO TERMINA( OUT?UT "

‘.RE bt INT .
PRqNT;i"EVTE?'O FOR DATA STOREDs ! FOR YO STORAGE™

RE Y GRADH

PRINT#,#ENTEQ. NAME OF ITERATED PARAMETE N

PRINTHyn =ND= FOR NO- ITERATION" .
REAN(54601) VAQITE . \ v
IF ((MODFL,.S3, ’).QR.(MODEL.EQAS).OW.IMODfL E2.60) 2ZN=l

IF(VARITE.Z3,"NO") GO TD 606
* PRINT#,ENTER o FOR’ CONGTANT INCREMENTN
- - "PRINT®#,0 ™ 1 FJR VAQIARLE INCREMFVT"
- READ® ) INCIMT
IF (INCRMT,NE,.0) GO TO 109
PRINT#*,"ENTEQ STEP SIZF OF ITERATION AN NUMBER"

. READ®#)»VARSEZ » TVARNO
. DO 111 1=1+IVARNO

‘ . VNEW(I)=I®VARSE. oo -
111 - .CONTINUE ’ : '
' GO TN 606 ‘
1n3 PRINT®#4MENTEY =N= NUMRER d} rTERATquq nun "

PRINT®#yn «hew VARIABLE VALUFS"
READ®y IVAINOD )
DO-110 I=1+IVARNO
o READ#®yVNEA(I}
110 CONTINJE .

] GO_TO. 806
S ~ .
X . N ‘ S ™~ » . v
h . 600 READ(S5+601) VAR ‘
. £01 FORMAT (A6)

AN2 IF(VAR.EQ."VQMORE") GO To 1000

IF(VAR.NQ:"SIATUS") 60 Tn 607

CIF(MODEL£2.0) PRINT® HVADEL A VISEOUS "y vODEL
IF (MODEL4E341) PRINT#,nMODEL E VISCOUS 1o MONEL

IF (MODEL«EQ42) PRINT®,#WSTMPLF VISCOUS, - "M4MODEL
1F (MODEL .FJ43) PRINT#,"MAONE] A FRICTION = "eMADE|
'IF (MODEL«FQe4) PRINT#y#MADEL E FRICTIDN = "yMINEL
IF(MODEL«5243) PRINT#¢nSIMPLE FRICTION "eMODEL

IF (MODEL.53.9) PRINT#,nCOMB VISCOUS/FRICTION ,MODEL

IF (MODELEQe7) PRINT#,nCOMB DAMP = DUALI K "y MODEL

L4
f

’
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IF (MODELeS2+0) 60 TO 608

1F{MODFL o= 2s1) GO TO 608 - . -

L4

e e e _I._..._._.'.....
' AN3J

a1h

ML

- m —— b s e

"PRINT®,"VARI48LE FRICTION = NAMP= YT T

IF (MVODEL «E2+2) GO TO 608 N Y

‘IF (MODEL.23410) GO TO 608

IF (MODEL.E2+11) GO TO 608 t ~
_IF(TFRICN.S3.1) GO T0.609  ° ° :
PRINT®¢"CONST, FRICT = DaMB- My0auP

60 TO 610.

-

PRINT#yta DVaX = TICTUTS S T N
IF (MODEL .£2:.9)PRINT®, "VTSCOUS DAMP~ -DA%PV‘ ,DaMPY

‘IF (MODEL «EQ+ T) PRINT®4VISCOUS DAMP =Davaye= ", 0AMPY

60 TO 611

A1l

N

PRINT#,nVISCAUS =~ DAMP = M'DAMD , . .
PRIMT®#y" « FRIEAQ = "WFREQR T

PRINT#,nvaLJS OF ELASTIC COUPLING "« N = WyZN

IF(INPUT.£3.0) PRINT®n -  INPUT =  STE2 1, INPYT i
IF(INPUTLEQeDY PRINT®#oM = INPUT = ~PULSE “"4INPUT -
IF(INPUTwS242) PRINT®yn - INPUT = MASS ISP 4, INPUT ~

IF(INPUT.EQ.3) PRINI®e!_-_INPUT ‘.ﬂiCLL,DULSE_mﬂLlNEul._~_~_-_,

PRINT#¢nINAUT AMPLITUDE = XIN = " MyX1N

- PRINT®#,0#T3ANS TIME RATIO =~ D = ")

PRINT® s UNJMEQICAL SOLN VARTIARLESH ‘
PRINT#,14STEP MQOD - H = "y HMQD -
PRINT® 4L TMIT MOD* = LIMOD = WeFMOD
PRIMT®#¢MSTEP SIZE = H =~ e H

PRINT®, "L 88T OF TIME = LIMIT = W LIMIT

_PRINT#,#DATA STORED =GRAPH= =0+ °YES=- SET TQ 1

PRINT“c“AL'lVALUES=D afEAK‘VALUES=1A-DQTNT- MWePRINT °

- 60 TO 605 a o / .

!

/

AnT

PRINT“."EVTE? VALUE OF° CHANGED VARIARL:H
FEAD®s VAL JE’ ' ~
IF(VARNE,"IFRICN!) GO T0 604
IFRICN=VALJE

"IF(IFRICN.NE,0) GO TO 603

PRINT#¢MENTER VALUE OF FIXED_QAMP" o .

_&n3

R . 404

READ®DAMD , : ' e

-+ G0 'TO 60S s . o :_'

PRINT*®#,"ENTER VALUES OF DAMP. XN1s XN2-y DMAXM
READ® s DAMD 9 X1 ¢ XN2sDMAX -7

G0 TO 605 'y <&

IF (VAR EQ."WOQEk")MODFL:VALUF

IFIVARLEQ. "I NOUTY) INPUTEVALUE

IF(VAR.EQ."DAMPY") DAMP=VALUE

IF(VAR.EQ."DAMPV™) DAMPV=VA|LE

IF(VARCEQ."XN1") XN1=VALUE . )

IF (VARGEQ.'"XN2™) XNReVALUE : . ,
IF(VAR.EQ."DMAXY) OMAX=VALUE - \ .

IF (VAR(EQ,"FIEQ") FRER=VALUE

"IF(VARGEQ, " XTN") XIN=VALUE

IF(VARL.EQ,"D") D=VALUE ‘ ‘ .
IF (VARGEQ."N") ZN=VALUE

S aais

N s oo ..
el i

W AT

" .
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IF(VAR.EQ4"H") HMOD=VALUF ,
TF(VARLEQ.MLTUOD") FMOD=VAL UF . o«

o

IF(VARCEQ«"PRINT™) PRINT=VALUE

T S P

- /N5 PRINT#,vENTER -RETURN- To RUNe =NAME~ OF NEJ VAXIIABLE"
L READ(54601) VAR ‘ - o
IF (VARGEQ. "RETURN") 60K+602 “ A
! hn5._ DO 999 Ir=?=1 IVARND .
<7 IF(VARITE.ZQ,"NO") GO TO 701 , e
. IF(VARTTE.EQ."DMAX") NMAX=VNEW{ ITER) 4
¢ IF(VARITELEQ,"XNI") XN1=VNEW(ITER)
IF(VARITE . Z3,"XN2") XN2=VNEWI(ITER)
— _ _IF(VARITE,SQ,"DAMP") DAMP=VNEW{ITER) ° . ; N
- " IF(VARITE.EQ,"FREQ") FREQO=VNEW(ITFR) ‘ ‘
IF(VARITE.ZQ,"N") N=VNEW(ITER) *
IF(VARITE.EQ.1D") _D=VNEW(ITER)
] IF (VARITE.EQ,"DAMPVY) NAMPV= v~5w(xrra) ,
IF (TTERLED. 1) G0 TO 7OV . ’
wwirs(l 726 . ‘
725 FORMAT(////oTSn“ITEQATFD PARAMETER».Tas. NE4 VALUE®")
WRITE(1,729) Y : ‘
728 FORMAT (T3 e e ____;_____,________“______“9/)
T WRITE(14727) VARITE-VM#N(ITFD) . )
e 127 FORMAILLO!thLLSXLELS‘SL. . i . ' _
700 CONTINUE - . : ~ :
7n1 INDEP=(0 .0 .
DEP(1)=0,.0 T S
. DEP(2)=0.0 ~
DEP(3)=0,0 e . e
N=3 ,
CHECK=0

H=0,.,3141592694M0D/ (FREQ®*D) ) "I . T
LIMIT=300#48sM0D, -, . .
IFCINPUTSEQs4) LIMIT=108_ IMIT

L)

"CALCULATION OF EQUATION COEFFICIENTS o

~r

» ..FIICTION COEFFICIENTS # . o o

IF(TFRICN.FQ,0) GO TO 702

COEFF(5)a3(DMAX=DAMR) X TN*FREQ®#2

COEFF(6)=(DMAX-DAMP)®XTINGZIN -

IF(MODEL .S2.3) COEFF(6)20.,0 v

TF(MODEL.E2.5) COEFF(6)=(DMAX= DAMP)°XIV“FREQ/(2“DAMPV)

IF(MODEL«Z347). COEFF (6) = (DMAX=DAMP) 8XIN
_COFFF(7)=XN]#XIN .

COEFF(8)=XN2#X]IN . B
COEFF(9)=XN1axXIN®FREQ

COEFF (10) =XN2¥XINSFREN
COEFF(11)2COZFF(S)/7(COEFF(B)=COEFF(T))

(waaAQEWA‘vNUV“?OVFV
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) COEFF(12)= DEFF(6)/(C0FFF(8)-COEFF(7))
COEFF (13)=C0CFF (5)/(COFFF{]10)=COEFF(9))

COEFF (14)=COEFF (6)/(COEFF(10)=-COEFF(9)).

\ G0 TO 703
702 D0 705 I=5512,1. . .
’ COEFF (1)=0.0 ‘ - oo

705 CONTINUE

| RN DAY
s  MODFL COEFFICIENTS #
703 CNEFF (4)20%0

IF(MODEL.E2.3) GO TO 9
IF{MODElL +F+4) GD I0 12

- IF(MODELL.E45) GO 7O 130. . .
‘ IF(MODEL,E2+%) GO TO 121 . ' '
[ IF(MODEL.F2e7) 6O TO 131 ‘

.

i vrscous ISDLATDR MODELS ® o o

COEFF(1)=-.“)AM9'FREO
COEFF (2) =FREua2,

. IF(MODEL.E2.1) GO T0 115 .
%" IF(MODEL.Z240) GO TO 119 .
COEFF (3)20,0

o 60_TO 31

N=2 _

IF (TTER.GT.1} GO TO 70

WRITE(15115) -
116 FORMAT(1H1+///;T5,5CONFIGURATION = STWPLE VISCOUS
»  ISOLATIR®,//) . ,/

113 COEFF (3)=FREQ/ (2,.,%DAMP)
IF(ITER.GT.1}y GO TO 70

) WRITE(L.117) i

1V 7 FORMAT(1H1 /7/4T549CONFIGURATION & = °  vISCIUS
# FLASTICALLY CNUPLED JSOLATOR = _MQDEL £y //)

IR BN
, A

GO 10 20

113 . COEFF(3)=FREI/ (2,#DAMPSZN)
IF(ITER.GT1l) GO T0 70
b WRITE(1,119)

pEENT

113 FORVAT(1H1s///+ TS5 9CONFIGURATION = ' v1SCIUS®
"% ELASTICALLY COUPLED ISNLATOR = MNDEL 484//)
60 TO 20 ~ C

s FarcTION ISOLATOR MODELS ®

130 n=2
. COEFF(3)=0.0
COEFF (2)=FREJna2,

‘ , ) . AY
AN ANRDITA TINTYRRQTTVY

|
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COEFF(1)3)AMDBXINSFREQs®2, > ' -
IF(ITER.GT.1) GO IN 7n )

"WRITE(1l46) : Lo : ‘o

FORVAT({1H1y ///,TSv”CONFIGURATION .STIMAILE FRICTION/
ISOLATO®#e//) . o :

GO TO 31 A AL /

COEFF(3)-3AWD°XIN°ZV . .- ;

COEFF(2)=C3Eqap2., . L

1n,

COEFF (1) =)AMOaXINSFREQ#®2, L .
IF(ITER.GT.1) GO TO 70 ‘ * . ,

CWRITE(1,10) .

FORMAT (1H1y ///qTSa“CONFIGURATION . ELQSTI”ALLY
COUPLED FRICTION ISOLATOQ - MODEL A”o//)

m ) e v ———

12

50 10 20 L -
COEFF(3)=XIN#npAMPaZYN - ' '
COEFF (2) =FREQ6#2,. Ce oo :
COEFF (1) =)AMdaxINSFREQ®®2,

IF(ITER.GT.1) GO TO 70

URT]‘F(I.]:.) > -

RES

FORMAT(1HL¢///,T5, 8CONFIGURATIDN ELASTICALLY .
COUPLED FRICTION ISOLATOR: « MODEL E®4//)
60 TO 20 -

% COWIINED VISCWJS/FRICTION'ISOLATOR MODELS »

121

) COFFF(I)—DAW:'XIV‘FRFQ#“Z. L

COEFF (2)=FREQua2, .
COEFF(S)=)AW=°FREQ¢XIN/(? *DAMPV) - \
COEFF (4) =2+ % )AMPVHFREN -
IFUITER.GT.1) GO TO 70

CWRITE(1+122)

122

123

FORMAT(IHIc///,TSo“CONFIGURATION - CO“?}NE) FRICTION
AND VISCOUS JAMPED ISOLATOR*.//)d ‘

WRITE(1+.123)
FORMAT(T27+®=RICTION PARAMETER#+TSB+2VISCOUS RATIO®
r 2T90 e ®NATURAlL FRENIENGY® /)

176

IF(IFRICNL.EQ.1) GO TO 124
IF(IFRICN.EQ,2) GO TO 114
WRITE(14,30) DAMPsDAMPV,FREQ

~

- GO T10.924

WRITE(1,717) DAMPV,FREQ .
GO TO 708

114

WRITE(14712) DAMPV,FREQ ,
GO YO 708 - - '

COEFF (2) 3FRE 802,
COEFF (3)=DAM2axIN
COFFF (%) =2, “DAMPN“FREQ[J?N““.SL

bl

112

T IF(ITER.GT«1) GO TO 70
WRITE(l,132) ‘

FORMAT (1M1 9//4TSy®CONF1 RATION = COMATNED FRICTION

# AND VISCOJS DJAMPED ISOLA ~ DuapL SBIINGS*®.//)

"y

CONCOPDIA UNIVHRQIT‘I' D
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WRITE(1+133)

123 FORMAT (TBs®*F3IICTION PARAMETER#,T39:5V1SC0US QATIORe

-8 T6T o ¥NATJRAL FREQUENCY#+T9Qs#SPRING RATIO®e/)

‘ IF(IFRICN.EQ.1) GO TO 135 R j
' .. ; IF(IFRICN.€Q,2) GO TO 137 : ' /
' WRITE{19134) DAMPDAMRVIFREQ.+7ZN - L
L 134 FORYAT (D2045,9%+D20+5¢10XsD2045510X+520.5) " ;
e e = e e t ‘GO _T0 3924 )
"% » 135 WRITE(14135) DAMPVsFREQsZN ‘ o
136 FORMAT (T4 #*DISPLACEMENT VARIARLE“oSXoOZO.Svlox 120,59
» 10X402045) ‘ , /
: GO 70 708. ‘ : y
137 WRITE(1413%) DAMPVIFRER,ZN :
L 139 _FORMAT (T4+*® VELOCITY VARIABLE®+5XsD20,59110X4)20,5

® . 10x+720,5)

s .SYSTEM PARAMETERS ®

GO 10 708 -,

" m e o e e . w1 = t——— ~ = _ - -- -

Pn WRITE(1425)
75 FORMAT(T309“DAMPING RATIO“;TSOo“NATJRAL FR 'QUENCY“.
i s - TQOoGSDRI\JG RATIO'./)

IF(IFRICN+SQ,.1) GO TO 704 v

“ IF(IFRICN £Q,2) GO TO 711

____H_1lEJJJjﬂlQAﬁEJEBEQAZN___*__:gn_' ; : I

3n 'FORMAT(10X+3730.5)" ‘
GO TO 924

“The WRITE(14717) FREQ4ZN

77 FORMAT (T29+#)7SPLACEMENT VARIARLE“-DZ .3.030.5)

: . GO TO 708 .
- 111 "WRITE(14712) FREQsZN .
K 712 FORMAT.(T33,#VELOCITY VARIABLFG'DZO. +D30.5)
60 TO.708
' 31 NRITE(1o3?) . '
X L33 FORMAT (T30 #DAMPING RATIO®sTS58,* ATURAL Fasoug_cvv./)«

.IF(IFRICN,SQ,1) GO TO 706
IF(IFRICN.EQ,2) GO TO 713
WRITE(1,33) ,DAMP ,FREQ

3 FORMAT(10X92D30%5) “ L. .
) : - GO TO 924 . : L.
: 706 - WRITE(1+707) FREQ i L
. . 707 FORMAT (T29+#)ISPLACEMENT VARTABLE®#sN20.3) SR
GO 1O 708 N

AR WRITE(1s71%) FREQ
714+ ° FORMAT(T33»*VELOCITY VA;}ABLE”oDZO.s)

708 WRITE(1,709) -
719 FORMAT(/9T13,8INITIAL NAMPING#+T39,88RFAK POIVT ONE®
. , e yTH4 s # I MIT -OF DAMPING®* s TOO0»*BREAK BSOINT TwWi#e/)

r‘!r" Yr\"“ R N T UNITIIY Ty
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; WRITE (1% 710) DAMP ) XN1 ¢ NUAX ¢ XN2 o ‘ =
. 710 FORMAT (4D23,5) . - _ T
954 WRITEGA y900) ‘ St C .
9 FORUAT(//+T11+#EQUATION CO=EFF -. €3, C2s. "Cle)’
\ WRITE(19901) COEFF(3)yCOEFF(2)+COEFFI(1) = :
anl FORVAT (/93720.5) , *
. IFACOEFF(1)5.7,1000) 60 _T0_902_ - : e
H=,58%H . )
. _ LIMIT=.58_TuIY . . ¢
gn2 CONTINJUE ‘
# INPYT DESCRIPTION #
IF(INPUT.NZ.9). GO TO Qar
. WRITE(1,4923)
428 FORMAT(/I.Taq“INPUT 1% vrnsso SINF VELO"ITY PULSE®(//)
. GO TO 929
e e _.927 1F (INPUTNEWT) eo TO 830 o
| '-//7/ 5 WRITE (15931) o
| 9131 ORMAT(/IloT:v“IMPUT 18 SINE VELOCITY °JLSE-.//) L.
‘ 929 WRITE (14933) .1//“w .
- 9138 FORMAT (T26, FINPU VELOCITY®#yT5092TRANS,. TIMT RATIOHs
‘ TT7Rs@STEP STIZE®TL1042LIMIT®s/)
—— WRITE(1465) MINJD;HjLIMlT ; -
GO TO 38
940 .IF(INPUT NE.8) GO TO 935 . : S
T WRITE(19932) ’ §
912 FORMAT(//oT5¢“IN°UT 15 TRIANGULAR erortrv auLs=“.//) o
_ : WRITF (14933) o .
© 913  FORMAT (TSe®INPUT VELOCITY®,T243#RISE TIUE®4 TS50,

Sy e

¥*TRANS. TIME RATIO®,TT7B.#STFP SIZE#»T104s® _IMITH®y/)
WRITFE (34934) VINJDRATIOND HoLIMIT‘ .

938 FORMAT(5020,5) )
GO TO 38 : . R ’
925 . IF(INPUT.NZ.4) GO 7O 936
WRITE(1,937)
917 FORMAT(///+T54#INPUT ‘IS VARIABLE FREQUENCY:

OSCILLATIY PULSE®,//) ‘
60 TO 350 ’

935

923

IF(INPUT.NZ.3 0 TO 36

WRITE(1,925) -

FORMAT (/7//+TSe#INPUT 1S FIXED FREQUENCY OSCILLATORY
PULSE®,/7/) .

60 TO S0 ‘ ,
T IF(INPUT.VZe2) GO TO 34 . ] »
WRITE (1,921) .
921 FORwAT(//.r:,»INnur IS DISPLACED MASS ai TIME Ta0®%,//)

WRITE(1,922)

ACMOOPETTA UNTVRRPAITY




. N o= 173 - f‘-- o '
- .4" N
Ty FORMAT (T26+®INTTIAL MAGS orspLAcEMerw.rso.&srra
L ‘6 SI?FNTQD.“L!&L‘T* ) ii
. | ' .
DEP(I):XIV ; :
_ WRITE (14973} XINyHsLIMIT f ’
923 FOR“AIIﬂOX’3)30G5) -
. - B0 TOD 38
1 . i o
N IFCINPUTH35e1) GO TO 40
WRITF (1%35) .
15 FOHvAT(//oTS,“INPUT IS QOUNDEDJSTEP DISSLACE MFNT* 7y . ot
. . GO TO 50 .
40 WRITE (1,45) N
. . 45, . FORMAT (//+T5,%INPUT IS R0UNDED PULSE DTSPLA‘EMEVT“ //)
L ‘ GO TO So :
70 - IF(VARITE, NE,»D") GO To 71
5n WRITE (1,53) '
s FORMAT (/9 T164 ¢ INPUR AMPLITUNE®sT40,#TRANS, TIME
b RATIO®1TQRy RSTEP GTZF® e TQ4 s #LIMITH4 /)
5 Hel TMTY
AR FORMAT (4D25,35) o o, o
39 IF(PRINT.BEs14) GO TO °71 ! Do 0
WRITE(1,69) i
69 FORMAT (//s TS INDEP. VAR, %y TI0+#X#4T4348DIX)/DT4,T59
4 a#N2(X)/IT28 4 TTS5e4X RELAT#4TISe#XN* s T11498VREL#/)
- 71 IF(PRINT.Z342) GO TO 72
PRINT*v" n .
“WRITE(64,73) ITER T
71 FORMAT(TZ;“%DDEL AND SYSTFM VALUES DEF]VEDo..“
¢ ITERATION VO»,zx 16)

A3

hd ?\JTfR RUNG= KUTTA t?OUT'INE #

P R N e R R

P

72 CALL DIFEIS(IEP s INDEP4RSLT M oNsCHECKsL IMIT+FREQyXI Vs
"# - DCOEFFIINBUT,MODEL \INVPRINT, IFRICN + 3RAP A LV3 VN,
I 3 DRATIO- 1442 MONDF s DMAX) - ?,4«
a19 CONTINUE [ e
’ PRINT® ¢ wENTER VARIABLE TO RE CHANGED - \JOWOQE T) STOPM ‘
. G0 TO 600 _ ‘ .
‘ . 1000  STOP . L _ : .,
_ . __END L L | - :
} " ( T : ——
( .
o . . - |
|- ~ L |

Pl aampns e
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SUBROUTINE DIFEQS (DEP < INOFP +RSLToHe NeCHECK s IMIT

¢

]

* LvBy DRATIOoDAMPvMODEoOMAX)

DOIJRLE 'PRE ISION DEP(ZO)'RSLT(ZO)OQ\lHZEPOLIMITv

1 INDEPTvDE=§(20)»K1(20).Ktho),K3(20).K6(20).
L _ 2L X0P s XTIMEJVTIME L ATIME

FREQsXINvYsCOEFF s INPUT MODELyZNsPRINTyI7ICN¢GRAPH,

"REAL FREQsXINeD
* INTEGER NoZHECKsONIOFF 1 .INPUT
DIMENSION COEFF(15)3XVALUE(450) 9 YVALUE(450+8)

DIMENSION YPEAK (100 4).VPEAK(4®9YMAX(6)oJMAX(4)

DATA ovlorf/l 0/ /’/P\\

COUNT=0 - .
o LN

. 1STEP=0
STEPMOD=0 ' . ‘
RMSA=0,0
RMAX=0,0

XMAX=0,0
yMAX=0-O . . - ”
AMAX=0,0
RTIVE=0,0
XTIME=0¢0
VITVE=0,0

ATIME=0,0 -
IXNUM=0|0 -
ITNUM=0
XVALUE (1) 2040
YVALUE(1+1)2)EP (1)
‘DO s I=2.f)

5 YVALUE(1+1)=040
° » “A{IMUM INPUT VALUES #
\IFLJNPui.V‘.Ri GO ‘T &
XOPMAX2VIV
i XPPMAX2VIN®3,1415926/0
60 10 15 ) :
) IF(INPUT.NEL7) GO TO T - - .
. XOPMAX=VIN f .
xPJi..Ax_:MNn 1415926/D *
G0 TO 15
7 JAF(INPUTNEWS) GO TO B
XOPMAX=VIN .
IF(DRATIO0..MT,{0a5)) XPPWAX:VIN/(DRATIO“))‘
IF(DRATIO5E,(0.5)) XPPUAX=VIN/ ((1=DRATIO) #))
- . G010 1% .
° IF(INPUT.VSa4) GO TO 9 C

XOPUAX=XIYeFIEQ*D/2,
XPPMAX=XIN® (FREQ®WD) ##2,/7,’

. GO 710 15

f‘ONPO‘?DIA. UN IVERSITY ‘
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IFTINPUT.NE.3) GO TO 11
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XOPMAX=3,1415926#X1\

"

XPPMAX=9, %595044“XIV

GO T0 15

IF(INPUT.6Se1) GO TO 10

XOFuAX=0, 3579840
XPPMAX XIN#D =0
GO 10 18

10

15

XOPMAX=0,351384D#FREQ :
XPPMAX=3,596453¢XIN® (DR*FREQ) 402 ‘

CONTINUE

)(0=0 .0

XOP=0.0
XOMAX=FREQ*XTIN

2n

13

)

o

XDDMAX=XIN*FIEQe22,

TOGGLE=ON
XSTEP=,025/Z\:

' IF{7NeGTs1) XSTEP=
e IF(MODE ,EQ40) XSTEP=0.1 . .

ITNUMSTTNUMe

IF(STEPMOJsEN.0) HCHANGE =] !
IF{STEPMOD.EQ,1) HCHANGE=6 ;

2025 /

IF(ISTEP«Z221) HO=XSTEP#N /

IF(ISTEP.S2.0) HO=H
IF ((MODEL,58,5) ¢ AND, (LVB.FG.1)) Hg:u

INDEPaINDEP+ 404HCHANGE

CALL EVF(D’p,INDEPoRSLToNoFREQq/éN’DoXO XOP s COEFF 9
INPUT'WODELQZNOTFRICNOISTEPOLVBOVTV'DQATIQ!

DAMP y DMAX s STEPMOD)

3n

N\

D0 30 I=lsNwl

- K1(1)=H0*SLT (]) .
DEPT(I)=DEPCTI)+0,. S*KI(T)

CONTINUE

INDEPT=INIZ iPso0, S“HO

¢

8
#

CALL EVF(ISPTyINDEPTWRSL TN Fdso XTNMeDs X009 X P caerr-

INPUT WDDEL’ZNoIFRICNoI%TEP!LVQOVIV.DRiTTO
yOAMP ¢ DMAX , STEPMQD)

DO 40 I=lyNy1
K2(1)=HO®ISLT(])

_~DEPT(I)=DE®(T)e0s S*KZ(l)

R

4n

o
-]

CONTINUE

CALL EVF(IEP T, INDEPTRSLTIN'FREQ1XINsDsX0s XIPsCAEFFy
;NPJT.woorL,ZN,xraxcv.xsTEp.LVB.VIN.naATIO DAMP

yDMAXSTEPMND)
DO 50 I=]sNsl _

BN

/

K3(1)=HO*ISLT(])

DEPT(IF=05P (1) k3 (1) o

CONTINUE ;
INDEPT=INIEP 4 HO

IV rs Sy oy
. i

3
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CALL EVF(DEPTyINDEPTwRSLTINsFREQs XTNsNeXD s XIPeCIAEFF
# | S INPUT & MIIEL .ZN.LFanM.rqup.uvq.vru.nRgﬁln.nAua
S .owax.srspnoo) .
IF ( (CHECK « £2,0N)%% AND.(TOGGLE FQ.OFF))6) ro 70v
DO A0 I=1lsNyl
K(4)sHO®RSLT (1) B .
DEP (1)=+0.165666666% (K1(1)+2, oaxztr)» ) .
e __t.ﬁ_r__u_“__#***__“_,*2.9“13(1)9K6(I)) i e AN e
Ny CONTINJE
RVALUE=2DAIS(IEP (1) =X0N)
IF (RMAX.GT.RVALUE) GO T0 700 .
- . RMAX=RVAL JE
o H__Bll_E_LLMJ*__HL__BEQ_34L&L592h_~ — - :
700 ODVALUE=DA3S()ERP (1)) . . '
. IF (XMAX,GT,DVALUE) GO TO 701 o
XMAX=DVAL JS —
XTIME=(INDEP-H) #FREQ/3, 1a15926
701 VVALUE=DARS (JEP (2)) -
) IF (VMAX.GT.VVALUE) GO TO 702 | X
. - VMAX=VVAL JZ .
VTIME=(INDJSP.H) ®FREQ/ 3. 1415926
L 702 AVAL UE=0A3S (3SL T (2)1 _
RMSASAVAL JE##2 . $ RMSA
IF (AMAX.GT.AVALUE) GO TO 703
‘ - AMAX=AVALUS ’
ATIME=(INDEP«H) #FREG/3,1415926
783 IFcrHECK.:a IFFY.G0 TO RO . .
. IF (TOGGLE .E3,0FF)GO- TD ™.
TOGGLE=OFF
HO=2,0#HO .-
60 TO 25 °
+
T In .TOGGLE=ON i -
DO 90 I=zl,Vsl . . N
K& (T)=40®SLT(T) -
ERRNR=0,055556667#(DEP (1) +0, 1666665667“(K1(T)¢
. @ 2.0%K2(1) +2, o-xatr)+m4l1>)-osplr>)
et . _ ERRSAVE (I)=F380R
- “. DEP(1)=DE>(I)=ERROR
. . 9n CONTINJE"
AN CONTINJUE o

‘PEAK=]

_HMBEHMLLRMLNMJ.LA&D (P AKX NELYY)

o ~0 TO 100
IF (IXNUMeE24450) GO TO 604
IF(TXNUM, 53T,450) GO TO 60S C
IF (ISTEP.E2.0) GO TO 607 . 0

TANORPLTY, TRITTTT Y 4

«
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) J ’ . t i ’ .\\ ,
IF((ESTEP.SQ,1) «aAND. (COUNT.EQ.0)) IC=0 . .
[1C=1C+1 . ¢

- IF(IC.LT.(1/XSTERP)) GO TO 606
AAT . . IXNUM=TXNUM+]
XVALUE (IXYJM) = INDEPSFREQ/3, 1415926
' 4 YVALUE (IXNJM,1) =DEP (1) /XIN
YVALUE(IXNUM,2) =DEP (2) /XDMAX °
4}VA|QE!]53JW.})=BS[I(Z)ZXHHMAX

YVALUE (IXNUMy4) =DEP (1) /XIN=XO/XIN » | ’ "
s YVALUE (IXNUM,5)=X0/XIN -
© YVALUE(IXNUM,6) = (NEP12) =X0OP) / XDMAX,
. YVALUE(IXNUM,7) =X0P/XOPMAX 1
®, TIME=D#FREQ#INDEP
ZEXp=2,7182818

RN YVALUE(vauw.n)-5au~(FQFQ“ZExP*D)»62#(1~2*TIME¢0 S«
e s TI“E’”Z)/((?GZEXP““TIME)“(XPPMAX))

COUNT=0 ~
GO TO 605
. Anb COUNT=] - ‘

, GO TO 505 :
6n6 pRIuT*."ovfad%ow OF AQRAY SIZEW
6n5 CDNTINUF - , )
100 IF (MODE.NE.O) GO TO 107

_IF(TTNUM.| +3000) GO _Tn 10S

PRINT#4" [TVUM. REACHED 3000"

GO TO 106 )
1n7 IF(ITNUMCLEe1000) GO ToO 105
PRINT#,n  ITNUY,. REACHED 1000".
GO' TO 106 . R
_— 1nS5  -IF(INDEPT..E,LIMIT) GO To 20
104 IF(BRINTGE«1) GO TO 110 ‘ e

WRITE(ly1111) (XVALUE(I)'YVALHE(I'I)'YVQLUE(IJE)v
> .4 YVALUE(14+3),YVALUE(T,4), YVALUE(IoE)oYVALUE(I'6)o
LA 121, 1XNUY)

1111 FORMAT(TD17.5)

110 RMSAZRMSA/_IVIT L
SOR=XMAX/XIN S
P ROR=RMAX/XIN

SVR=VMAX/X)P4a X
SAR=AMAX/X2PMUAX .

IF (PEAKNE1) GO TO é?l 4
DO 611 Kal 4
J=0

/ DO &la 1=1 IXNUM : . ' O
. SEEK12SGN (YVALUE (1+K)) i . "
. SEEX2=SGN(YVALUE ((Iel),K))
IF ( {SEEK1=SEEK2) +EQ.0) GO TO ‘614

COMOORDIA T NTYTRAITY
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\-
.. JdsJel : > R ';7
 YPEAK(JWK)SYVALUERT K) : .
gy IF(YMAK(K).GT.(Adg(YPEA((JoK)))) GmgO 705
L YMAX (M) =A35(YPEAK (JyK) )
R JMAX (KP=y ,
705 CONTINUE ’ -~
‘A4 CONTINUE : L A
B NPEAK(()'.-L e .
Al CONTINUE
. WRITE(1,1112)
' < WRITE(ls1113) SARSATIME
o » WRITE (141114) AMAXsNPEAX (35 +JMAX(3) ¢ YVALUE (IXNUMSs3)
. ‘ WRITE(1s1115) RORGRTIME sNPEAK (4) 9 JMAX (4) 4 YVALUE
e AN [ . (IXNUMs &) -
f‘~\ WRITE(1y1116) SDRyXTIME ¢NPEAK (1) s JMAX (1) ¢ YVAL'IE f
: L] (IXNUMsl) . .
WRITE(141117) SVR,VTIVF
WRITE (1,1118) “UMAX,NPEAK (2) ¢ JMAX(2) s YVAL UE(!XMU“.ZL///
. n WRITE(l,11193) INDEP : :
ji12 FOR”AT(/;;vTQZnQ VALUE® 17X+ 8TTME® 1 10X15N0s OF oa5Xs
\\\, \ # 20CCURS AT®y3X,8AST VALUF¢1/9T79o¢DFA<5°,7Xv;b=AK
A # ' NO. '/)
. 1713 FORMWAT (TS5, #S40CK ACCELFQATION RATIO®,T33+¢012e54T604
. ‘ & N12.5)
. 1116 FORMAT (15, #MAX [MUM ACrrLFRATronu.Iaa.ola s,r7alr4.7x .
* vT#leO?oDl? 85)
1116 FORMAT(TSs¥RSLATIVE DISPLACEMFNT RATIO®,T384D12,5 .
Tt e T60sD12.5,TT89 143 7Xs 169 T1074012:5)
1116  FORMAT(T5¢8SHOCK DISPLACEMENT RATIO®sT38,012.55T50,
© 8 D12e5eTT89T6,TXeI64T1075012.5)
= 1117 . FORMAT(TS+#S40CK VE| OCTITY RATIO®sT38+012.547602312,5) 4
PR 1718 FORMAT (TSe ®MAX IMUM VELOCITY°.T380012 S.rTB 147X eIty
: o &  T10Ts012.5)
1119 FORMATATSs®*LAST TINE VALUE®,T389 012 5)
‘IF(MODE.ED.O) GO TO 618
DO K16 K=1:64 :
IPEAK=NPEAK(K) ‘ e
. WRITE (14617) (YPEAK(IoK)oI:l-IPEAK)
- 617 FORMAT(TS,510,.5) '
WRITE(ly612) , ,
612 FORMAT (//) ¥
15 CONTINUE" : .
s ‘ ) \ 1; i . -
¥ 6518 IF(GRAPHNELQ.0) GO TD 603" °
: WRITE (9,602) IXNUMy {XVALUE(T)sI=1s IXNUM)
60l PRINT®,yMENTER CURVE DATA = l=X, 28VELs 33ACCy 4=XIEL,

ENDFILE 9

a_s_XDJ___asla,L+___1;xn2____a.xnap n=NO _MIRE_JATAYM

READ®y J

IF(JeNELO) GO 10 9999 ¢
ENDFILE 8 .
~ ]

{

q
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GO 10 K03
9939 NRITE(86602) TxNUMe (YVALIIE (Teud)al=leTXN M)
AN2 FORMAT(I3030(IOEIZ 4/1)

G0 TO 601

£n3 °  IF(PRINT.£2.2) RETURN F\§

PRINT#4n

WRITE(641236) .SAR.ATIMFE, MAX (3)
WRITFE (641235) AMAXNPFAX(3) .YVALUE(IXNUwoB)
wRITE(b,l’B&)'RDR.RTIMF '
WRITE(641237) SDReXTIME :

641238) RMSAs INDE®
wnrrE(a L239) Ho LIMIT

FORMAT(“VALUE OF S5eAsRe*¢5XyF1045¢10Xy'¢TIME OF S.A R,#

1:‘3‘4
: # . 95X9F10435910X9*0CCURS AT PFAK NO.#93X¢16) .
& 12135 FORMAT (#VALUE OF AeMAX,®45X+F10. Sy10Xs#N0, OF PEAKS®
® QQX.’II&Q“X!“ALAST"'Z‘X!FIO M
— 1236 ,FQB*Allhli.u,_QE_RJD Q4_+5l451n451lQXL&ILME,QF“R¢D Rae®
’ @ o5X4F10.3)
1237~ FORMAT (#VALUE OF SeD.R.® 2SX1F1045410Xs#TIME OF S.D.R.o
- ,SX,FI;O.S)\. . ’ t . )
1238 FPRMAT(#V&LU‘;’ OF AJRMS #,5X,Fl2.3¢8Xys AST TIME VALUE®H
# . 94XeF1043) , . ~
1239 FORMAT (#STSP SYTZE !5X9F1QA§LLQ ?LLME,}IMIT hd
L +TXsF10.5) . L )
. PRINT#,m "
. RETURN
END
¢,
T o Q@
» - - ‘
N\ .- FUNETION 53%(X) o
™~
IF (X, .o 0) G0 TO 2, o~
SGNs=1,0 ‘ .
I : RETURN ‘ R ) o
2 SGN=+1,0 = -
«- RETURN N .o :
. END
1 2
§ \
! - 5
-l ' '
ﬂ . @w 4 . .
ACAINTITYTE T ITYIRR QT

~ L.

.



- 180 -

SUBROUTINE EVF (DEPy INDFncRSLTvaFREQqXTVoOv‘0 XJP
COEFF s INPUToMANEL 9 ZNs TFRICN 2 ISTEP L VR YINGDIATIA

DAMP:DMAX!;TEPWOD)

OOURLE PRECISION DEP(EO)oRSLT(ZO)oIVDE’oXO’XO°98REAK

DIMENSION COEFF(15)
INTEGER Ny INoUT

‘XNP 4y INDED)
IF (IFRICNLVNE.2) GO TO 11

VREL=DABS (JE2(2) =X0P),
IF(VRELLTJ.COEFF(10)) 60 TO 12

 DELTFN=COECF (5)

___;__LALL_EQLS_LSIEEMDDJXIN&EREQJDJlNEuILMl&LDRAILQJXQLw

15

- DELTBK=COZ rF(14)°(VREL CDEFF(Q)Y

v

DELTRK=COESF (#)

GO TO 13

IF (VREL,LT.COEFF(9)) .60 TO '14
DELTFN=COSFF (13) % (VREL~COEFF (9))

GO 70 13

1.

IF (IFRICNJNE,1) GO TO 1§
XREL=DABS(JE0 (1) =X0)

IF (XREL,LT.COEFF(8)) GO TO 15 =
DELTFN=COEFF (S)

© DELTBK=COETF ()"

GO TQ 13

-

18

14

IF(XREL JLELCIEFF(T)) GO TO 14

"DELTFN=COEFF (11) #(XREL~COEFF (7))

DELTBK=CQEFF (12) # (XREL~COEFF (7))
60 TO 13

DELTFN=0,0

DELTBRK=0.0

13

CONTINUE
C4=COEFF (4)
C3=COEFF (3) +DELTBK
C2=COEFF ()
Cl=COEFF (1) +IELTFN

1F (MODEL.E.6) GO TO 25

"IF (MODEL+E2.5) GO TO 60

IF(MODEL-cQ.Q) GO TO 35.
IF(MODEL.‘Q.3) GO TO %0 .
IF(MODEL.?Q.?) GO TO 100 J
1FE(MODEL .52.1) GO TO 110

# MOYE_ 7 EQUATIONS - cowsx~ro DAMP ISOLATOR.

IF (MODEL.E2.0) GO TO 120

DUAL’

SP?IVGS”

BREAK DARS((~4 /0218 (RS T(3)= xQQ)olﬂFPli};Xﬂl/?N-

I

L]

(NE2(1)=DEP(3)))
RSLT(Itzoso(a: . :
IF(RREAK.GE.(1,5%C3)) ISTEP=0

IF (BREAK LT« (1,5%C3)) ISTEP=1 .

.
»

®

)
&)
f
%)
1]
4]
J
.4
T

UNTTRRETTY
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IF(qREAK L-.Qn S#C3)) [STFP=0.

IF (RREAK +3F 231" GO TQ 26 ' D

24

RSLT(E)’*CE“ZN*(DEP(3)-X0)-C4“(RSLT(3)-XOP)
RSLT(3)=D 0’)

RETURN '

RELV!DEP(?) =RSLT(3)
QSLT(2)~'”2”(DEP(1)-DFP(i))-Cl*SGN(DELV)
RSLT(B)-XW’*LQZ/C&)“(C3“§GN(QELV)*(DEP(I)-D'P(3))

RETURN

# MIIE

.?g

-()E’(J)-XO)/ZN)

6 FQUATTINS - COMBINED DAMPERS 1SOLATOR

BREAK=DABS(RSLT (3)=-X0P)

RSLT.(1)=DE9(2)
IF (RREAK«5Z4(1,5%#C3)) ISTEP=0

"IF(RREAK LT (1,5#C3)) ISTEP=]

IF (BREAK LS4 (0,5#C3)) ISTEP=0 ~
IF(RREAK-Sr 3y GO TO 31
RSLT(Z)--CZ“(DFP(l)-Xﬂ)-C4°(QSLT(31 =X08}

Y

RSLT(3)=052(2) , , «

RETURN _ . C
RELVEDEP (2) =S T.(3) o » :
RSLT(2)==C2% (DEP (1) =X0) =C18SGN (RELV)
RSLT(3)=XD24C34SGN(RELY)

RF TURN

@ WQDF'

15

4 EQUATIONS =~ ELASTICALLY COUPLED FRICTION ISOLATOR

(MODEL E » . . .

'BREAKSDABS(()EP(3)-X0)-(DEP(1)-DEP(3))“7V)

RSLT(1)=DEP(2)

IF (BREAK.BE, (1,5%C3)) ISTEP=Q
IF(BREAK.LI.(I.S¢C3)) ISTEP=] \
IF (ARREAKWLZ4(0,5%#C3)) ISTEP=0 .
IF(RREAK«GE4C3) GO TO 40
RSLT(2)==C2%# (DEP (3) =XO) /2N

RSLT(3)=DE2(2)

RETURN "

RELV'DEP(’)'QSLT(3)
RSLT(Z)'-CZ“(DEP(I)-DFD(Q))-C1“§GN(RELV)
RSLT(3)= (ZN®DEP(2)+XOP) /(1+2ZN)

RETURN v 7§ﬁk . a )
\

I3

\'_ » 40DEL 3 FQUATIONS _ ELASTICALLY COUPLED FRICTION ISOLATOR

o woDFL A 8

- §n

.

RREAK=DARS(DZP(3)«XD)

L RASLT(1)=NE0(2)

L2
=

. IF (RREAK.GE.23) GO TO 55 .

IF(RREAK.5Z4(1,5%C3)) ISTEP=0 ’
IF (AREAK .. T. (1,5%C3)) . ISTEP=]
IF(RREAKLE. (0,59C3)) ISTEP=0

P




182 -

55

RSLT(2)= -ca~(059(1)-xn)-czu(osp(1>-x0)/zv
PSLT(:{) 1 =DE2(2)
RETURN ' . v

N

RELV=DEP (2) =X0P

RSLT(2)= -’2“(DEP(1)-XO)-Cl“SGN(RELV)
RSLT(3)=X0?
RETURN

£

4 £ODE; 5 EQUATIINS = SIMPLE FRICTION ISOLATOR “

6n ‘RELVEDER (2) =P |
IF(DMAX 4GT.DAMP) DMDD=pMAX “ ' ‘
IF (OMAX.LT,0aMP) DMOD=NAMP.
VBRk=XIN®)®0YND/ (S08FRFQ) -
ARELV=ABS(E_V) )
- IF(ARELV 3%+ (1,5%VBRK)) TSTEP=0
"IF(LVB.EQ.1) GO TO 62 o
TF (ARELV.aLTa (1.,5#VBRK)) ISTEP=1
e e e IF(ARE V. T.VBRK) GO _tn A1 -
A2 RSLT(2)==C2%(DEP (1) =X0)-C1%SGN(RELV)
' RSLT(1)=DER(2) . B
RETURN ' '
6% RSLT(2)= -C?“(DEPII)-XO)-CleELV/VHRK
- RSLT(1)=DES(2)
RETURN i ‘ ‘
oy . . ‘
. ® MODEL 2 "EQUATIONS =~ SIMPLE VISCOUS ISOLATIR @
‘tan RSLT(2)=~C2“(0€Pll)—X0)-Cl“(DEP(2>-XOP)

RSLT(1}=0F2(2) ;

RETURN N

-~

# MOJEL -1 EQUATIONS - ELASTICALLY COUPLED VISCDUS ISDLATOQ

o

' vYNEL E »

IR

0 RSLT(1)=DE2(2)s ‘ t
: RSLT(2)=-C’“(HEP(1)-DEP(3))-Cl'(DEP(Z)-RSLT(3))
RSLT(B)-D-DI?)¢C3°((DFD(I) ~DEP (3)) = (DE®.(3) =X0) /ZN) .

°
L]

.

RETURN

Py : l 1‘“"

MOJEL 0 EQUATIINS - ELASTICALLY COUPLEO vrscBus ISOLATO?
WODEL A . # N

n RSLT(I)-D"(’)

RSLT(Z):-CZ“(DED(I)-XO)'CI°(DFP(2)-R5LT(3))

SRSLT(3)=0£0(2) -C38 (DEP (3} =X0)
RFTURN
END

2 ' 4

‘CONCORDTA TINIVERSIT
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SUBROUTINE Pl SE(STEPMON «XIN«FREQyD«IND JTsVIN,DRATIO: -

1 X0 XOP s INDEP)

DOURLE PRECISION INDEP,XQ,XO0P ,
PHI=3,141592% !
ZEXp=2.71R28148 : L

TIME=FREQ&D#INDEP

IFLINPUTJNELS) GO TO 100
TAO=PHI/ (FREQ#D)
IF(INDEP.GE.TAD) GO TO 101
Wl=2, #FRFI*D

XO=VIN® (INDES=DSIN(WI#TNDERP) /W1) A2,
X0P=VIN®(]l= DCDS(NI*INDFQ))/E.

RETURN
Iin0 TF(INPUTNEe7) GO TO 105
e —_TAQ=PHY/(FIFQep) ,
IF(INDEP.GZ«TAD) GO T0 101
Wes=FREQ#0D
X0=VIN® (1=2CIS (W2#INDEP) ) /W2
XOP=VIN#DSIN(W2eINDEP) )
RETURN »
. 1n5 IF (INPUT.NEWS) GO TO 115
TAQaPHI / (FREQ#D)
IF(INDEP.53 --TAO) 60 To 101 , .
IF{INDEP.GS (DRATIO#TAD)) GO TO 106 S
XO=VIN® (INDED) na2/ (2NDRATIO®*TAO)
. XO0P=VIN®INOFD/ (NRATIO®TAQ)
RETURN
115 " X0= VIN°(ZDIV)EP-DRATIObTAO-INDEP“INOEP/TAO)
DRATII) :
XOP=VIN#{1={(INDEP= DRATTO»TAO)/((I DQATTD)’TA ))
RETURN
1n1l X0=xIN . /
: XO0P=0.0 : /
RETURN

IF(INPUT.NZ44) GO TO 145
w3IsSFREQ#N :
T1=23,16415926/43

IF (INDEP.5Z4(69%T1)) GO TO 160
IF (INDEP.GE.(61#T1)) GO TO 180
IF(INDEp.ﬁs.(lavrl)) c0. TO 178
IF(INDEP.35.T1) GO TO 176
X0=XIN® (1=ICS (W3I*INNER) ) /2,
XOP:XIN_MJ_DSLNJMASTNDFP\IQA*

176

RETURN ' ' : ot
RTIME=w3#(INJIEP~TId /2, ‘
X0=XIN#COS (T TME)

XOP==XIN®439SIN(RTIME) /2.,

»

L ODIONPITY
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/ RFTURN '

[ 179 _ RT[ME=w3#(INDEP-13®T])/8, .
/ ) ZETA=0,1 .

DECAYSZEX 8% («2ETA®RTIME)
XO=XIN®DECAY®CQOS(RTIMF) '
xOpz-w3&x1V¢)rcAY¢(SIN(?TIME)*ZETA°COSJQTIW'))/3.
XLAST=X0/2.
o . * STEPMOD =1 .
’ . RETURN :
10 RTI“E-N39tIV)FP 614T1)/8,
XO=XLAST#COS(RTIME ) XLAST
© XOP==X_LAST*W3agIN(RTIME) /8,
, . STEPMOD=1 T
R : - RETURN ‘

»

. 163" IF(INPUT.VE.3) 60 TO 5 ‘ ;
FREQ1=6,2831852 . ‘ , ’ ;
TA0220.7
! 0 TAQN3I=4,20 . - .
- 1F (INDEP,GE.447) GO T0 160 . -
) ' IF(TNDEP.5Z+64.,2) GO TO 155
: Co IF(INDEP.GEs249) GO TN 150 oo .
XDELF=FREJ1*INDEP o .
' X0=45%(1.0-CIS(XDELF)) ' L
‘ . © XOP=,5%FREQLISSIN(XDELF)
o : _____RETURN
' 180 XOELF=FREQ1*® (INDEP=-TAD?)
XN=,3%C0S (XDE LF)/(ZEXD#“(XDELF*0.0T))
XOP2=0,3#FREQ1 #(SINAXNDELF) +0, 07“COS(XD=lF))/(ZEXP“°
@ (0.07%X)EL7)) L
RETURN | : ) ¢
185 -  XxDELF=FREJILI*(INDEP=TAD3) ] B i
X02-0,04%{1.04COS(XDELF)) . ' ‘ . ;

v

o, . XOP=0,044FREQ1#SIN(XDELF) .
A : RFTURN .

. J, 5 IF (INPUT.NEW2) GO TO 10
R ﬁ T 1AN0 XNa0.0
& - X0P=0,0 \
b RETURN
i n IF(INPUT.35.1) GO TO 20
£ ' ' XO=XIN# (lam{]+TIME) / (ZEXPo4TIME) )
5o . VEL=FRZQ%XIN®D
(A ~ XOP=VEL®*TIME/ (ZEXP#2TIME)
L RETURN | ‘ \
I ' 2n XDaXINS(ZEXPTIME) 082,07 (4. Do (ZEXPesTINE))

[CRE
A4

VEL=FREQ®X[N#Da (ZEXPBH®D,) /4,

. XOPaVE( # (2. *TIME~(TIME#®2,0))/(ZEXP##TTVE)
RETURN S ‘
END L ‘ .“.‘

; ; - /
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